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RECENT IMPROVEMENTS IN THE 21AXP22 
COLOR KINESCOPE 



By 

R. B. Janes, L. B. Headrick, and J. Evans 

KCA Tube Division, 
Lancaster, Pa. 

Summary — The quality of the 21AXP22 color kinescope has been 
steadily improved since the tithe was first announced in September 1951t. 
As a result of experience gained in the manufacture of thousands of tubes 
and changes in tube construction and processing, nearly perfect color purity 
and white uniformity have been achieved. A large proportion of the 
improvements obtained are the result of changes in the "lighthouse" on 
which the phosphor screens are exposed. After a brief review of the prin- 
ciples of the tube and data on its operation, there is a discussion of the 
changes which have been made in the tube and in the lighthouses used to 
produce the tubes. Equipment used to obtain data for the changes is also 
described. 

Introduction 



[TTp^ HE 21AXP22 1 , 
I kinescope emplcn 
of the tube is s 



shown in Figure 1, is a shadow-mask color 
oying a formed mask. A simplified internal view 
hown in Figure 2. The front section, or "top 
cap/' of the two-piece metal envelope contains the spherical face- 
plate and formed aperture mask. The mask has a radius of curvature 
slightly smaller than that of the faceplate and is welded to a light metal 
frame which is supported from the side walls or panel section of the 
top cap by a unique three-point stud and spring arrangement, as shown 
in Figure 3. Excellent mask replaceability is achieved with this ar- 
rangement. The phosphor-dot pattern is placed directly on the inner 
surface of the faceplate, and consists of 357,000 dot trios, one for 
each of the apertures in the formed mask. Each trio is composed of 
equal-sized dots of red-, green-, and blue-emitting phosphor. The glass 
funnel-neck section sealed to the small end of the conical metal shell 
contains three complete electron guns arranged in a delta pattern. This 
gun structure, shown in Figure 4, employs electrostatic focusing, and 
a combination of mechanical and magnetic methods for obtaining con- 
vergence of the three beams. 

The electrostatic focusing lenses are formed by the No. 3 and No. 4 
grids of the guns. Corresponding lens elements are connected in 



1 H. R. Seelen, H. C. Moodey, D. D. VanOrmer, and A. M. Morrell, 
"Development of a 21-Inch Metal-Envelope Color Kinescope, " RCA Review, 
Vol. XVI, pp. 122-139, March, 1955. 
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Fig. 1 — Photograph of 21AXP22 color kinescope. 



parallel, so that only a single focusing adjustment is used. Approxi- 
mate static convergence is obtained by mechanical tilt of the three 
guns toward the tube axis. Precise static convergence is obtained by 
means of the three sets of beam-converging pole pieces located at the 
top of the gun structure, and the single set of blue-positioning pole 
pieces. The beam-converging and blue-positioning pole pieces can be 
coupled to the fields of external magnets and permit, respectively, 
radial positioning of the three beams with respect to the tube axis, and 
tangential positioning of the blue beam. The external purifying mag- 



TOP CAP 




Fig. 2 — Schematic diagram of 21AXP22 color kinescope. 
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FACEPLATE 




Fig. 3 — Detail of spring mounting for shadow-mask support frame. 

net is installed on the tube neck, and provides a transverse magnetic 
field which is used to correct for misalignment between the gun as- 
sembly and top cap and for the effects of the earth's magnetic field. 



GETTER- 
ASSEMBLY 



BEAM- 
CONVERGING 
POLE PIECES 



GRID N0.4 

GRID NO. 3 

BLUE- 
POSITIONiNG 
POLE PIECES 

GRID N0.2 
GRID NO.) 




Fig. 4 — Photograph of electron-gun assembly. 
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Principle op Operation 

The operating principles of the 21AXP22 are basically the same 
as those of the planar-mask color kinescope described by H. B. Law. 3 
Each of the three electron beams is used to produce one of the primary 
colors. As shown in Figure 5, the three beams are converged at the 
shadow mask, and after passing through a common aperture, strike 
the appropriate phosphor dots of a color trio lying behind the aperture. 

The spacing, D, between phosphor dots of the same color, or between 
the centers of adjacent color trios, is a magnification of the spacing, 
a, between mask apertures. That is, 



D a 
p + q p 




PHOSPHOR 
SCREEN 

Fig. 5 — Geometry of planar-mask system. 

where p is the spacing between deflection plane and mask, and q is the 
spacing between mask and screen. 

The spacing, d, of a phosphor dot from the center of its trio is pro- 
portional to the spacing, s, between the corresponding deflection center 
or color center and the tube axis in the deflection plane. That is, 

s d 
P Q 

In a planar-mask tube the spacing between phosphor dots of one 
color or between adjacent phosphor-dot trios, is a constant magnifica- 
tion of the mask-aperture spacing, regardless of the deflection angle, 

2 H. B. Law, "A Three-Gun Shadow-Mask Color Kinescope." Proc, 
I.R.E., Vol. 39, pp. 1186-1194, October, 1951. 
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and the spacing of the phosphor dots within a color trio is a constant 
demagnification of the deflection-center or color-center spacing in the 
deflection plane. These constant magnification and demagnification 
properties permit the screen of a planar-mask tube to be covered com- 
pletely with tangent phosphor dots. 

It is desirable that the formed-mask tube also have constant mag- 
nification and demagnification properties in order to obtain optimum 
utilization of the phosphor screen. However, as explained by Seelen, 1 
and shown in Figure 6, precisely constant magnification cannot be 
obtained when both the aperture mask and the phosphor screen are 
curved. If the faceplate or screen has a radius of curvature R f , a mask 
having a slightly smaller radius of curvature R m and its center of 
curvature at point D will give constant magnification for a single 
electron source located at point 0. When three electron sources equi- 



distant from the tube axis and spaced 120 degrees apart are employed, 
the center of curvature of the mask must be located on the tube axis 
at point E. This change of center causes a slight deviation from con- 
stant magnification. The consequences of this deviation will be dis- 
cussed later. 



Positioning and formation of the phosphor dots on the faceplate of 
the 21AXP22 are accomplished photographically in a special optical 
device called a "lighthouse." This device, shown in Figure 7, contains 
a small high-intensity light source placed in the same geometrical 
position with respect to the mask and screen as one of the deflection 




Fig. 6 — Geometry of spherical system. 



Phosphor-Screen Fabrication Technique 
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centers, or color centers, of the tube. This light source can be rotated 
about the central axis of the system in steps of 120 degrees so as to 
place it successively in the positions of the three effective deflection 
centers. At each of these positions light from the source passes through 
the mask apertures and strikes the screen at points which would be 
struck by an electron beam passing through the corresponding deflec- 
tion center and traveling in straight lines. 

In phosphor-screen processing, the inside of the cap is first covered 
with a thin, uniform, layer of a mixture containing one color phosphor 




Fig. 7 — Optical lighthouse used for phosphor-screen production. 



and a photoresistive material. The formed mask is then installed in 
the top cap and the entire cap assembly placed on the lighthouse. 
Proper positioning of the cap with respect to the light source is 
assured by three dimples in the top cap flange which fit into grooves 
in the lighthouse table. 

The phosphor-photoresist mixture is then exposed by allowing the 
light from the high-intensity source to pass through the mask aper- 
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tures. The screen is then developed to produce a pattern of phosphor 
clots of one color. 

These steps are repeated for the second and third color phosphors. 
Between exposures the light source is rotated about the axis of the 
system in 120-degree steps so that it falls in the proper position for 
each color field. 

Factors Affecting Tube Quality 

The screen of an ideal shadow-mask tube would be completely 
covered with tangent phosphor dots of uniform diameter. In addition, 
each electron beam of such a tube would have perfect "landing" — that 
is, it would be in perfect register with all phosphor dots of a particular 
color — and the resulting electron spots at the screen would have the 
same uniform diameter as the phosphor dots. An ideal shadow-mask 
tube would therefore be capable of producing three separate color 
fields, each having perfect color purity and uniform brightness. If 
these three fields were produced simultaneously in the proper relative 
brightness,* the result would be a uniform white field. This last con- 
sideration is extremely important, since in the present (compatible) 
system color tubes must be capable of producing high quality black- 
and-white pictures. 

The following effects must be taken into consideration in making 
color tubes capable of displaying pure color fields and good black-and- 
white pictures: 

1. Effects of the earth's magnetic field. 

2. Mechanical deformation of faceplate and shadow-mask. 

3. Change of deflection center of yoke with deflection angle. 

4. Asymmetrical spreading ("degrouping") of the electron-spot 
trios when dynamic convergence is applied. 

5. Asymmetrical compression ("grouping") of phosphor-dot trios 
resulting from nonuniform magnification. 

6. Variation in phosphor-dot size due to nonuniformities in the 
optical lighthouse. 

A typical register pattern for one beam of an early formed-mask 
tube is shown in Figure 8. The scale of the figure is distorted to 
emphasize the amounts by which the beam-landing spots are displaced 
from the phosphor dots in many regions of the screen. The numerical 
values shown at the misregister points represent mils, or thousandths 
of an inch. Perfect register at the center of the screen was obtained 



* Obtained at the following ratios of individual beam currents to total 
ultor current: red, 51 per cent; blue, 19 per cent; green, 30 per cent. 
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by positioning the electron beam in the deflection plane of the yoke so 
that the effective deflection center for the beam, or color center, had 
the same geometrical location as the light source used to produce the 
phosphor dots. The beam is positioned at the center of the screen by 
adjustment of the purifying magnet referred to previously. 

A change in the position of the deflection yoke will cause a radial 
change in register. In this instance the yoke was positioned so that 
there was no radial misregister at the left-hand end of the horizontal 
line. 

TOP OF PHOSPHOR SCREEN 



BLUE GUN UP 




Fig. 8 — Typical register pattern on an early tube. 



Effect of Earth's Magnetic Field 

The greatest difficulty encountered in evaluating the various factors 
responsible for misregister was distinguishing individual effects. The 
earth's magnetic field, for example, is always present, and can cause 
appreciable misregister despite its weakness and the high velocity 
with which the electron beams travel from the cathodes to the phosphor 
screen. Figure 9 shows the misregister caused by the earth's magnetic 
field on a 21AXP22 at Lancaster, Pennsylvania, facing north. 

In setting up a shadow-mask kinescope in a test set or receiver, 
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the effects of the earth's magnetic field on the undeflected beams are 
minimized by adjustment of the purifying magnet on the tube neck. 
The earth's field is not uniform over the limited region occupied by 
the kinescope because of the effect of the metal envelope. Misregister 
produced at the screen during scanning is corrected by means of a 
ring-shaped "magnetic-field equalizer" installed at the periphery of 
the screen. The eight-pole equalizer described by Seelen 1 has since 
been replaced by the six-pole type shown in Figure 10. 



TOP OF PHOSPHOR SCREEN 

BLUE GUN UP -RECEIVER FAONG NOPTi- 




Fig. 9 — Misregister caused by earth's magnetic field on the 21AXP22 
located at Lancaster, Pa. 

The most satisfactory method for evaluating the effects of the 
earth's magnetic field is to simulate it by means of the six-coil arrange- 
ment shown in Figure 11. With such an arrangement (called a Helm- 
holtz-Coil Field Simulator), the magnitude and direction of the earth's 
magnetic field at any location can be simulated by applying the proper 
currents to the coils. No attempt is made either to shield out or to 
cancel the earth's field in these measurements. Instead, the simulated 
field is added to the field already present. 
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Fig. 11 — Coils used to simulate the earth's magnetic field. 
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For analysis the earth's field may be separated into its horizontal 
and vertical components. The horizontal component varies in both 
magnitude and direction with the geographical location and orientation 
of the tube. Because the vertical component is always perpendicular, 
misregister caused by this component is always in the same direction 
(to the left in the northern hemisphere) when looking into the tube 
face and varies only in magnitude with geographical location. 

In the United States, the average strength of the horizontal com- 
ponent is 0.21 gauss, and that of the vertical component 0.54 gauss. 
Since the vertical component is by far the predominant factor, the 
amount of correction required for resulting misregister can be mini- 
mized by offsetting the entire top-cap assembly to the right of the 
lighthouse axis. Tests conducted in the Helmholtz-coil setup under a 
variety of conditions have made it possible to predict the amount of 
misregister which will be caused by the earth's magnetic field at any 
geographical location or with any orientation of the kinescope in the 
normal (horizontal) operating plane. As a result of these tests, an 
offset of the top-cap is now being used in the lighthouse. This offset 
is based on the average magnitude of the vertical component in the 
United States, weighted for population density. 

In order to eliminate the effects of the earth's magnetic field and 
other magnetic fields in the evaluation of the various factors respon- 
sible for misregister, the magnetically shielded room shown in Figure 
12 was constructed. This room is constructed of Allegheny 4750 metal 
3/32 inch thick and is eight feet square and eight feet high. The earth's 
magnetic field within the room is less than 0.01 gauss. 

Mechanical Deformation 

Because the phosphor screen of each 21AXP22 is a photographic 
image of its own aperture mask, it is not necessary that masks or 
screens from various tubes be interchangeable. To assure tubes of 
uniformly good quality, however, it is necessary that the contours of 
all aperture masks and faceplates be as close as possible to the design 
values. Originally, these contours were measured by means of dial- 
gauge and jig-borer arrangements. This method, however, is cumber- 
some and time consuming and these contours are now measured by 
means of Moore air gauges. In this method, the part to be measured is 
positioned over a number of preset measuring heads, as shown in 
Figure 13. Each of these heads contains a small valve through which 
air is allowed to escape. Deviations from the design dimensions cause 
changes in the valve apertures and the resulting changes in back 
pressure on the individual air lines are used to indicate the amounts 
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of deviation. Displacements as small as 0.003 inch can be measured 
by this method. 

During processing, the faceplate and aperture mask are subjected 
to mechanical stresses which can change the geometry of the system 
sufficiently to cause misregister. Extensive tests on the 21AXP22 
have indicated that the most serious deformations occur during the 
exhaust operation. 





The movements and deformations of the faceplate and aperture 
mask during exhaust were measured by means of dial gauges and 
depth-measuring microscopes. Figure 14 illustrates the changes ob- 
served in a typical top-cap assembly. There is a minute flattening of 
the faceplate, and the aperture mask moves closer to the faceplate but 
is not appreciably changed in shape. These changes all have radial 
symmetry about the tube axis, and are responsible for an outward 
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Fig:. 13 — Moore air gauge used for measuring face-plate and mask contours. 

radial misregister of 0.0010 inch to 0.0015 inch at the edge of the 
screen. 

Change in Deflection Center 

The effective deflection center in a magnetic deflection yoke moves 
forward as the angle of deflection is increased. This effect occurs 




OF TUBE-' 



Fig. 14 — Face-plate and aperture-mask deformation during tube exhaust. 
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whether the yoke field is an ideal one having uniform length and 
strength, or a practical one in which fringing is present. The reason 
for this change in the apparent origin of the electron beam is shown 
in Figure 15. During scanning, the beam travels through the yoke 
field along a curved path. After leaving the field the beam travels in 
a straight line tangent to its previous curved path at the point of exit. 
When the strength of the yoke field is increased to obtain greater 
deflection the radius of the curved path is decreased, and the beam 
remains longer within the yoke field. If the resulting exit tangents 
are extended back to the tube axis it can be seen that the effective 
deflection center moves forward with each increase in deflection angle. 
For very small deflection angles the beam apparently originates at the 



■**- YOKE FIELD — *- 



BEAM 




A' 



b' 



Fig. 15 — Sketch illustrating motion of deflection centers. 

center of the yoke (point 0 in Figure 15). For successively larger 
deflection angles the source of the beam apparently moves forward to 
A and then B. The effective distance between electron source and mask 
therefore decreases with increased deflection angle. However, the light- 
source-to-mask distance p used to produce the phosphor screen is 
constant for all deflections. 

These differences between the values of p obtained in operation and 
the value of p used in the lighthouse can cause radial misregister 
between the beam spots and their corresponding phosphor dots. This 
effect is shown in Figure 16. The scale of this figure has been distorted 
for clarity. It can be seen that as the deflection center moves forward 
an amount Ap an outward misregister Ar results. This misregister is 
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not easily distinguished in an operating tube, from that caused by 
mechanical deformation described above. 

A large number of tubes were checked for register in the magneti- 
cally shielded room. Only one beam, or color field, was used in these 
tests in order that any misregister observed would be solely the result 
of changes in the deflection center of the yoke and the mechanical 
deformations described above. Each amount of misregister observed 
during these tests was broken down into its radial and tangential 
components. The average tangential was found to be small in magni- 
tude and random in direction. The average radial component, however, 
proved to be large and to have constant magnitude and direction. 
Figure 17 shows plots of this radial misregister versus distance from 




Fig. 16 — Radial register change Ar versus deflection-center motion Ap. 



the tube axis for an average tube. The three curves show the results 
obtained with the deflection yoke in different positions on the tube 
neck. With the yoke in the design position (curve 1), there is an out- 
ward radial misregister of 0.005 inch at the 9 inch radius. If the yoke 
is pulled back on the neck, curves such as 2 and 3 result. It is apparent 
that the yoke can be positioned so as to correct for radial misregister 
at any given radius on the tube face, but not so as to correct for mis- 
register at all radii. 

noncoincidence of horizontal and vertical 
Deflection Centers 

It was also found that the deflection centers of the horizontal and 
vertical deflection fields of a yoke are not always coincident. This lack 
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of coincidence is responsible for a difference in maximum radial mis- 
register in the horizontal and vertical directions. With some commer- 
cial yokes this difference was greater than .002 inch. 

Radial Correction Lens 

The discovery that the radial misregister caused by a change in 
the effective deflection center of the yoke was constant from tube to 
tube suggested that it could be corrected by means of a lens in the 
optical lighthouse. A suitable correction lens 3 was, therefore, designed 
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Fig. 17 — Radial component of misregister as a function of distance from 

tube axis. 

and constructed. This lens almost completely eliminated the uniform 
radial misregister, and such lenses are now used in all factory light- 
houses. 

The correction lens is placed between the light source and the top 
cap containing the phosphor screen to be exposed. Its action is shown 
in Figure 18. Without the lens (Figure 18) a ray of light originating 
at 0 and traveling at an angle 0 with respect to the deflection axis will 
pass through a mask aperture at point A, and strike the phosphor 
screen at point E. During the exposure of the screen a phosphor dot 



3 D. W. Epstein, P. Kaus, and D. D. VanOrmer, "Improvements in 
Color Kinescopes Through Optical Analogy," RCA Revieiv, Vol. XVI, 
December, 1955. 
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will be located at this point. When the completed tube is operated with 
a conventional yoke, the apparent source of the electron beam for a 
deflection angle 9 will be point B f and the resulting beam path will be 
BAF. The beam landing spot F f therefore, will be displaced radially 
outward from its corresponding phosphor dot by an amount Sr. 

When a correction lens having the proper curvature is placed be- 
tween the light source and the phosphor screen to be exposed, as shown 
in Figure 18, some ray of light OC will be refracted so that on leaving 
the lens it travels along the path DAF. Since this path is coincident 
with the path BAF in Figure 18, the phosphor dot created by this ray 
during the screen exposure will lie at the same point F at which the 
electron beam will land in an operating tube. In order to provide the 




Fig. 18 — Action of radial correction lens. 



proper amount of correction at each point on the screen the lens curva- 
ture must vary from center to edge in such a manner that the spacing 
between the actual light source 0 and the virtual light source B 
increases with deflection angle in the same manner as Sp increases 
in an operating tube. 

Since the deflection point B for each beam lies a distance S from 
the tube axis, the center of the correction lens must also lie off the axis 
by this amount. When the light source is rotated to put it in position 
for the production of the second and third sets of phosphor dots, the 
lens is rotated with it. In order to eliminate adverse effects which 
might result from tilting, i.e., improper alignment of the lens in the 
lighthouse structure, the lens was made as large as possible. The large 
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size of the lens also simplified the coating procedure (described later 
in the paper) . 

Figures 19 and 20 show the lens installed in the lighthouse. 

Improved Coincidence of Horizontal and Vertical 
Deflection Centers 

Improvements have also been made in the yoke to reduce the 
spacing between horizontal and vertical deflection centers. 4 

Investigation showed that differences in the positions of the hori- 




Fig. 19 — Mounting of radial correction lens. 



zontal and vertical deflection centers of yokes could be minimized by 
changing the shielding materials used to prevent yoke fields from 
affecting convergence. In early commercial color yokes, ferrite washers 
were used as shielding for the low-frequency vertical-deflection field 
and copper discs as shielding for the high-frequency horizontal-deflec- 
tion field. With these materials, the difference in maximum horizontal 
and vertical misregister for a typical yoke was 0.0013 inch. 

Substitution of a four-ply silicon-steel washer for the ferrite washer 
and of an aluminum disc for the copper disc reduced this difference to 
0.0003 inch in the standard 230FD1 yoke. This difference is considered 
negligible, and was obtained without undesirable changes in the other 
characteristics of the yoke. 



4 M. J. Obert, "Deflection and Convergence of the 21AXP22 Color 
Kinescope/' RCA Review, Vol. XVI, pp. 140-169, March, 1955. 
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Dynamic Degrouping 

As a result of the mechanical tilt of the three electron guns and 
the action of the beam-converging- pole pieces, the undeflected beams 
converge on the tube axis at the plane of the aperture mask. During 
scanning the beams converge at a highly curved surface concave toward 
the deflection center. Because of the relative "flatness" of the aperture 
mask, at the larger deflection angles the beams converge before reach- 
ing the mask. This undesirable condition is corrected by the applica- 
tion of a "dynamic convergence" current derived from, and in syn- 
chronism with, the horizontal and vertical scanning waveforms and 




Fig. 20 — Optical lighthouse with radial correction lens. 



applied to the windings of the external convergence magnets. The 
effects of this current are shown in Figure 21. For simplicity only 
two of the three beams are shown. 

In the absence of scanning, the beams pass through the deflection 
plane at points A and B f at equal distances S from the tube axis, and 
converge at the plane of the mask. The dynamic-convergence fields 
developed during scanning shift the beams away from the axis, so that 
at maximum deflection they pass through the deflection plane at points 
A' and B'. Since the spacing between beam spots at the screen is a 
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constant demagnification of the spacing- between beams in the deflec- 
tion plane, the increase in beam spacing during scanning results in 
spreading or "degrouping" of the electron spots with respect to the 
phosphor dots. This "dynamic degrouping" increases with deflection 
angle in the manner shown in the inserts at the right of Figure 21. In 
early 21AXP22 tubes the average dynamic degrouping at the edge of 
the screen was 0.0023 inch — that is, the distance from the center of 
a beam landing spot to the center of the beam spot trio was 0.0023 
inch greater than the distance from the center of a phosphor dot to 
the center of the phosphor dot trio. 




Fig. 21 — Sketch illustrating effect of dynamic convergence. 

Correction for Dynamic Degrouping 

Various schemes for correcting this dynamic degrouping have been 
considered. The most practical solution developed to date has been 
the use of a compromise value of s in the optical lighthouse. The results 
of this modification are shown in Figure 22. 

In the modified lighthouse, the light source is placed at point C, 
an increased distance s' from the tube axis. This change caused a 
corresponding degrouping of the phosphor dots at the screen, as shown 
at B'B f and B"B" ', so that it was necessary to decrease the spacing q 
between mask and screen in order to maintain the desired spacing 
within the dot trios. Since the original value of s is used in the gun 
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assembly, the "dynamic degrouping" effects are redistributed in an 
operating tube. At zero deflection angle the electron beams again pass 
through the deflection plane at points A A, but, because of the reduced 
spacing q, are "grouped" at the screen — that is, they strike the screen 
at points which are slightly closer to the center of the phosphor dot 
trios than the centers of the individual phosphor dots. At large deflec- 
tion angles the beam spots are still degrouped, but by much smaller 
amounts than in the original design. Perfect register between beam 
spots and phosphor dots is obtained at points approximately midway 
between the center and edge of the screen. The compromise value of 
s used on the lighthouse is 0.327 inch, as compared with the value of 
0.276 inch used in the original lighthouse design and in the electron 

BEAM 




Fig. 22 — Sketch illustrating effect of dynamic convergence on a tube with 

a compromise S valve. 



gun assembly. The mask-to-screen spacing, q, has been decreased 
from 0.535 to 0.451 inch. As a result of these changes dynamic de- 
grouping at the edge of the screen has been reduced from 0.0023 to 
less than 0.001 inch. 

Phosphor-Trio Asymmetry 

In a planar-type shadow-mask tube the phosphor-dot trios form 
perfect equilateral triangles over the entire surface of the screen. In 
a formed-mask tube, however, the curvature of the mask and screen 
causes a radial compression of these trios which increases with deflec- 
tion angle. This radial compression or "grouping" amounts to more 
than 0.001 inch at the edges and is particularly undesirable because it 
is in opposition to the dynamic degrouping of the beam spots. 
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Correction for Phosphor-Trio Asymmetry 

This radial grouping of the phosphor dots can be minimized by 
shifting the center of the correction lens off the center line of the 
light source. Such a shift increases the refraction on one side of the 
center line and decreases it on the other, and thus redistributes the 
dot grouping in the same manner as the use of a compromise value 
of s redistributes the degrouping of the beams. A substantial reduc- 
tion in phosphor trio grouping has been obtained by offsetting the 
center of the lens 0.075 inch beyond the center line of the light source. 
Figure 23 shows the present arrangement, using the compromise offset 




Fig. 23 — Complete lighthouse geometry. 



of 0.327 inch for the light source and an additional offset of 0.075 inch 
for the lens. 

Light Source Nonuniformity 

The phosphor dots produced on the screen during the lighthouse 
exposure are, in the ideal case, demagnified images of the light source 
used to produce them. However, the characteristics of the photoresist 
are such that the sizes of the phosphor dots vary considerably with 
light intensity and exposure time. The optical system used in early 
lighthouses was designed to pick up radiation throughout a wide-angle 
cone, and to pass the condensed radiation through a circular aperture 
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of about 0.160 inch diameter to a hemispherical diffusing surface. In 
these lighthouses, the variation in light intensity from center to edge 
was approximately 35 per cent, and resulted in a corresponding, varia- 
tion in phosphor dot size, the smallest dots occurring at the edge of 
the screen. Consequently when tubes produced on these lighthouses 
were operated, even small amounts of misregister caused the beams 
to miss the phosphor dots at the edge of the screen. As a result, there 
was considerable variation in light output and color purity in these 
regions. It was possible to obtain more nearly uniform dot size over 
the screen by increasing the exposure time so that the edge received 
adequate exposure. When this was done, however, the center portion 




Fig. 24 — Improved lighthouse optics. 



of the screen, where the radiation intensity was highest, was over- 
exposed. 

Improved Lighthouse Optics 

The optics of the new and more efficient lighthouse assembly men- 
tioned by Seelen 1 are shown in Figure 24. The light source is a 1-kilo- 
watt high-pressure capillary mercury-arc lamp, selected as the brightest 
source of ultraviolet and blue radiation in the region 3,400 to 5,000 
angstroms commercially available, and for its good stability and life. 
The reflector is a spherical mirror having a highly polished aluminum 
surface. 

The light-collecting end of the quartz condensing optic has been 
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made cylindrical, with a radius of curvature of about 0.75 inch. This 
configuration provides maximum light collection in the direction 
perpendicular to the axis of the lamp when the optic is mounted with 
the axis of its cylindrical end parallel to the lamp axis. 

The optimum shape for the diffusing surface was found to be para- 
bolic rather than hemispherical, the optimum diameter 0.220 inch, and 
the optimum extension beyond the defining aperture 0.200 inch (see 
Figure 25). These changes reduced the maximum variation in light 
intensity across the screen from 35 to 25 per cent. However, with 
proper exposure at the center of the screen there was still considerable 
variation in dot size across the screen. 

Analysis of the radiation intensity over the screen surface showed 
that the equal-intensity contours were approximately elliptical, with 
their long axes parallel to the axis of the lamp. It was determined that 
the variation in radiation intensity over the screen could be reduced 



to about 15 per cent by the application of a metal film of varying 
density to the flat surface of the lens. Rhodium was selected as a 
suitable material for this film because of its stability in air and relative 
ease of evaporation. The rhodium was evaporated from a plated 
tungsten filament, shaped and positioned so as to produce a film having 
an essentially elliptical density distribution and gradients equivalent 
to those of the radiation intensity. The thickness of the film was 
controlled so as to obtain white-light transmission of approximately 
75 per cent at the center, and of almost 100 per cent at the two edge 
points perpendicular to the axis of the lamp. 

These new features have made it possible to achieve a uniformity 
of dot size within 0.002 inch over the entire screen area, and have 
permitted a 40 per cent reduction in exposure time over the older 
system. Work is being directed toward even further improvement. 




x = . 20" 
y = .n" 

y 2 = 0605 x 



Fig. 25 — Optimum lightsourcc diffusing surface. 
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EFFECT OF MAGNETIC DEFLECTION ON 
ELECTRON BEAM CONVERGENCE 



By 

Peter E. Kaus 

RCA Laboratories, 
Princeton, N. J. 



Summary — The image curvatures of deflection yokes are calculated and 
minimized using third-order perturbation theory. It is found that the mean 
image curvature is too large to dispense with dynamic convergence when 
a point focus is needed. Proper field shaping, however, can produce a 
good line focus over the whole screen without dynamic convergence. 



Introduction 



1 



^HE quality of deflection yokes has become increasingly impor- 
tant, particularly for color kinescopes using three beams. Miscon- 
vergence of the three beams caused by the yoke is proportional 
to both the deflection angle and the convergence angle of the beams. 
In consequence, it has been necessary to introduce dynamic convergence 
as a means of keeping the three beams converged over the whole surface 
of the screen. Since dynamic convergence introduces a misregister 
effect known as "degrouping," it is desirable to minimize or eliminate 
the need of dynamic convergence by minimizing or eliminating those 
aberrations of the deflection yoke which are responsible for miscon- 
vergenee. 

This paper investigates the aberrations of a deflection coil, using 
its symmetry properties, by a perturbation treatment developed by 
W, Glaser and G. Wendt. 1 * 2 It will be shown that significant improve- 
ment over present yokes is possible for line-screen kinescopes and that 
the length of the yoke field is the most important parameter. 



Description of the Magnetic Field 

Magnetic deflection fields as they are used in television tubes have 
as a common property the symmetry group to which they belong. If 
we take as the z axis the axis of the tube and the x and y axes as the 
horizontal and vertical axes, then the symmetry property of the field 
of a vertical-deflection yoke coil (Figure 1) is given by 



1 W. Glaser, "Uber die Ablenkfehler von electrischen und magnetischen 
Ablenksystemen," Zeitschrift fur Physik, Vol. Ill, 1938. 

2 G. Wendt, "Uber die Abbildungsfehler magnetischer Ablenkfelder," 
Tclefunkenrdhre, April, 1939. 
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(1) 



In the region of deflection, the field must obey Maxwell's equations 
for a region free of charge, current, or electric field : 



curl H = 0 9 
div H : 0. 



(2) 




Fig. 1 — Symmetry of a vertical-deflection coil. 

Equations (1) and (2) limit considerably the possibilities of choices 
for deflection fields. In a power-series expansion of the field one obtains 

H, = H } (z) - [H 2 (z) +//" 1 (2)/2] X 2+H«(z)y* 

+ fourth-order terms, 



H y — 2H 2 (z)xy + fourth-order terms, 



= H\ (z) x + H'a (z) xyi - - [H" x (z) + 2H'» (z) 1 x" 

6 



(3) 



-f fourth-order terms, 
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where H' (z) = dH (z) /dz. 

The meaning of Equations (3) is that for sufficiently small x and y, 
the curves for H x = constant are ellipses or hyperbolas in a plane 
z — constant. The curves H u = constant are hyperbolas. The curves 
H z = constant are slightly more complicated, but for very small x and 
y they are straight lines parallel to the y axis. 

Figure 2 gives a plot of H x , H yf and H z as it was measured in a 
typical deflection yoke at some arbitrary z = constant. Of course, 
Equations (3) need no experimental verification, being a simple con- 
sequence of the symmetry properties of the yoke coils and Maxwell's 
equation. The figures do indicate, however, for what ranges of x and 
y a third-order expansion of the field will give good approximation. 




INCHES INCHES INCHES 



Fig. 2 — Lines of constant field strength; z = constant. 

Equations (3) also show that the whole field in the region where 
third-order theory is good, is given by two arbitrary functions, H l (z) 
and H 2 (z). Therefore, in order to know the field, it is only necessary 
to obtain these functions. This is easily done by measuring the total 
field along two lines parallel to the z axis: (a) The z axis itself 
(x = 0, y — Q y ) and (b). Some line of constant y and x — 0 (x — 0, 
y = y e ) , The first will give H 1 (z) directly as can be seen by an inspec- 
tion of Equations (3). The second will give H 1 {z) + H 2 (z)y 2 c . 

This means that simply measuring the total field at say ten points 
on line (a) and line (b) makes it possible to pass tenth-order poly- 
nomials through B A {z) and H 2 (z) , which in turn specify the whole 
field in the regions of interest. 

The third-order expansion should be good for deflection angles of 
up to 25 degrees. This is perfectly adequate for questions of converg- 
ence, since certain boundary conditions about the surfaces of best 
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convergence will then make it possible to extrapolate to larger deflec- 
tion angles, as will be demonstrated later. 

Now introduce a vector potential A, such that 

~H = quy\~A. 

One particular choice of A is the following 1 : 
A x = 0 + fourth-order terms, 

A u = (1/2)//', (z)x- + fourth-order terms, (4) 
A, = H l (z) y + (1/3) H 2 (z) y* - H 2 (z) x«-y 
-f fifth-order terms. 



Perturbation Method 

Lag rang ian and Equations of Motion 

The integration of the path by the perturbation method has been 
derived in detail for magnetic deflection fields. 1 ' 2 Only as much of the 
argument will be repeated here as is necessary for an understanding 
of the conclusions. 

The lagrangian for an electron trajectory can be written 




in close analogy to Fermat's principle in light optics, where 



F = -qds/dz. 

In electron optics, the index of refraction becomes 



7?= (c) t/2 — (e/2m)v* [A r (dx/ds) 

+ A v (dy/ds) 4- AJdz/ds) ] , 

(5) 

- (e 2m) 1 /2 (A T x/ + A y y' + A z ) . 

The function £ is simply the electric potential taken with respect 
to a particle at rest, and in the case of a purely magnetic field it is 
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It is seen from Equations (13) that for z — L f where the screen is 
located, 

x = 0, y = D (L) , (14) 

and D(z) is strictly proportional to H 1 (z). This situation is also 
referred to as "perfect gaussian deflection." The whole cone, regardless 
of convergence angle or deflection angle, comes to a point of con- 
vergence at y ~ D(L), and D(L) depends linearly on H 1 (z). Any 
deviation from Equations (14) will be called a "deflection error." 




z 



Fig. 3 — Ideal deflection of a conical bundle. 



Third-Order Calculation 

The solution for the first-order calculation is 

x — (z — L) a cos <£, 

y — ( z — L) a sin </> 4- D (z) , 

$'= a cos <£, (15) 
y' — «sin<£ + IY(z), 

where : T)'{z) = — /a / H x (iv) div. 

J o 

Substituting these values into Equations (9) for the higher powers of 



www.americarraciiohistorv.com 



ELECTRON BEAM CONVERGENCE 



175 



x f y, x', and y', the equations can be easily integrated. Then, neglecting 
terms of the order of a 2 , 

x (L) = I P a cos </>, 

t/(L) =I T asm4> + D(L) +I D . (16) 

Here, I P , I T , and I n are integrals of the field quantities, which will 
be given later. They will be given the following names: 

I p = perpendicular astigmatism, 
I T = tangential astigmatism, 
J D — distortion. 

Figures 4, 5, and 6, will give these "errors" meaning. Figure 4 is 
a picture in the x — 0 plane of the central ray (r — 0) and two rays 
whose original coordinates are given by cos </> = 0, sin <j> = ± 1. From 
Equations (16), in that case 

x(L) =0, 

2/(2,) = + J D + J9(L). 

For the central ray a 0, and it will simply be displaced from the 
"perfect" position D(L) by an amount I D , The rays coming from 
sin </> = ± 1, will be displaced by an amount ± I T a + 1 D . If I T is 
positive (as it usually is), then the three rays will cross at a position 
z = z T . The curve which is generated by these crossings will be called 
the "tangential image curvature" and its radius of curvature (constant 
in third-order theory) is R T . 

Similarly, a projection of the rays characterized by initial position 
sin <j> = 0, cos <j> ~ ± 1 are given in a plane y — constant (Figure 5a) 
and x — constant (Figure 5b). Here, the only distortion arises from 
the term I P and the two rays will cross at a position z = z p . The curve 
which is generated by these crossings will be called the "perpendicular 
image curvature" and its radius of curvature (constant in third-order 
theory) is R P . 

Finally, there is a curve along which the whole bundle of rays 
form the smallest circle. It is along this curve that best over-all con- 
vergence is obtained. This curve is called "mean image curvature" 
and its radius of curvature R is given by 



(1/12) = (1/2) l(l/R P ) + (l/tf r )]. 



(17) 
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Figure 6 gives a diagram of the total situation, showing the three 
image curvatures. In order to obtain good convergence, it is, therefore, 
desirable to maximize these radii of curvature in order to make them 
correspond to the curvature of a screen that is not too severely curved 
towards the gun system. That the mean radius of convergence has 
definite upper limits will make up the main part of the rest of this 
paper. 

Let it also be mentioned, with respect to Equations (16), that it 
thus appears that the ring of rays starting from z = 0, x 2 + y~ = r 2 , 
will, on a flat screen, at z — L, appear as an ellipse, whose center is at 
x = 0, y — D(L) + I D and whose axes are I r a in the horizontal and 
I T a in the vertical directions. 



y x = 0 




Fig. 4 — Vertical deflection of tangential rays (sin 0 = ± 1). 



The Surfaces ok Convergence 

In order to obtain the tangential, perpendicular, and mean image 
curvatures, i.e., R T , R P , and R, use is made of the fact that in third- 
order theory these radii are constant. That means that without loss 
of generality the radii for infinitesimally small deviations can be 
calculated and they will hold for the whole region in which third-order 
theory holds (up to deflection angles of about 25 degrees). Later, it 
will be shown how these can be extrapolated to higher angles. 

For very small deviations, D can be considered as an infinitesimal 
quantity and quantities of the order of D- can be neglected. The 
calculation is made with reference to Figure 7. Two relations hold 
exactly in that figure: 
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I T a/r = (L — 2 r ) /z T . 
Consistent with the small angle of deviation, let 

m 2 = D 2 
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(18) 

(19) 



tb) 




Fig-. 5 — Vertical deflection of perpendicular rays (cos 0 = ± 1) . 

and neglect (L — z r ) 2 compared to (L — z T ) . When these approxima- 
tions are used consistently, Equation (18) gives 

R T = D 2 /2 (L — z T ) ; 

and from Equation ( 19), letting az T /r — z T /L ^ 1, 

R T = D 2 /2I T . (20) 

Similarly, 



R P = Dy2I P ; 



(21) 
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and from Equation (17), 

1/R= {I T + I P )/D*. (22) 

Actually, the quantities I T /D- and I P /D 2 turn out to be independent 
of D 2 , and it appears useful to define 

J P =I P /D*. (23) 




Fig. 6 — The composition of astigmatism. 

Then 

\/R T = 2J T , 



1/R P - 2J P , (24) 
1/R = J T + J,,. 

Now give attention to the form of J r and J 7 » and note their depend- 
ence on the field distribution H 1 (z) and H 2 (z). Assume that a conical 
bundle of rays enters the deflection field at z = 0. The deflection field 
is different from zero up to z = L The original bundle was convergent 
on the z axis at z = h. The aberrations J T and J P are then given by 
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where 



J T = (3/2) S, + 2S 2 , 




J P = -(1/2) Sj-aSo + Sg, 




S 1 = [1/0 (L)p / [/>'(*) J 2 
*/ 0 




S 2 = /i J- / H.Az) D(z) (z — L) 2 dz, 
J 0 




i - . 


/ i \ 

\ 

Rt x 


D( 


1/^ / : i 

/ / h-(L-Z T — 





L 



Fig. 7— Calculation of R T . 

Sa = ii*[l/D(LY1* fnr-iz) (z-Ly-dz. 
J o 

It will be remembered from Equations (14) and (15) that 



It follows that 

D(L) = 




(27) 
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Substituting Equations (25), (26), and (27) into Equations (24), 

'(z)Pdz + } i- I H x 2 {z) (z-L)-dz 



1/R = - 



f [D'(z)r-dz + if- j H x - 
J 0 J 0 



(28) 



DHL) 



The first important result is that Equation (28) does not depend 
on H«(z) at all. This means that even though R T and R r depend very 
sensitively on H. 2 (z), the radius of best over-all convergence depends 
only on the field along the axis, H^(z). Secondly, it is obvious from 
Equation (28) that 1/R, and therefore R, is always positive. This 
means that the surface of best convergence must always bend towards 
the source of the electrons. 

It now remains to minimize the expression for 1/R, Equation (28), 
which will maximize R and, therefore, yield the best possible field 
distribution. 

In order to make Equation (28) more amenable to mathematical 
treatment, the following function is introduced: 



K(z) = 



.J 0 



(w) dw 



H A (w) dw 



(29) 



In that case the reciprocal radius of image curvature becomes 



1/R = 



/ K- dz + K'- (z - - L) 2 dz + (L — /) 



f 

-J 0 



Kdz + (L — l) 



The boundary conditions on K(z) are 
K(0) = 0, A'(/) = 1, 



K'{z) =0, 



(30) 



(31) 



for z < 0 and z > I The derivative of Kiz) with respect to z, K'(z), 



is H x (z) 



u: 



H } (z) dz 



. The K(z) simply represents a normal- 



ized potential. Figure 8 shows the relationship between K(z) and 
H^z). 
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The next step is to minimize Equation (30), which means finding 
that distribution of K(z) which will give a minimum 1/R. The results 
of this calculation are given in the next section. 

Results 

The Uniform Field 

The solution of the equation 

B(l/R) = 0, 



K(Z) 




Fig. 8 — Relationship between K(z) and Ih(z). 



where {1/R) is given by Equation (30), has proved to be too difficult 
in closed form. It was, therefore, desirable to use polynomials of a 
certain degree n, such as Legendre polynomials, for K(z), and minimize 
for each case. The first-order case corresponds to a uniform field. 
This case is of particular interest because it has been discussed by 
several authors in the past, mostly incorrectly, due to a disregard of 
Maxwell's equation. The first correct treatment and experimental 
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verification of the uniform field case was given by Marschall and 
Schroder. 3 

For the uniform field, K (z) takes the following form: 
K(z) = 0, z^O, 

K(z) = z/l, O^z^l, (32) 

K(z)=l, l^z, 

(see Figure 8). 

Substituting Equation (32) into Equation (30), 

(R/L) = (l/L) [1- (Z/L) + (1/4) (l/L) 2 ] 

[1- (1/3) (Z/L)2]-i (33) 

To render this result dimensionless, we define new quantities: 

P = R/L, A = l/L. 

Obviously, A can vary from 0 to 1. 

In terms of the parameters p and A, Equation (33) becomes 

P = \ (1/4) A^] [1- (1/3) A2]. (34) 

The solid line in Figure 9 gives a plot of Equation (34). The main 
feature of this result is that for short fields (I « L and, therefore, 
A « 1) p is equal to A, and consequently 

R~l. (35) 

This means that for short yokes the image curvature is not related 
to the yoke to screen distance (L) , as is widely believed, but is simply 
the length of the yoke field (I). As the length of the yoke field in- 
creases, i.e., as A approaches 1, the image curvature approaches 

R~ (3/8) L. (36) 

This result is in perfect agreement with Marschall and Schroder 3 and 
has been verified experimentally by them. 



3 H. Marschall and W. Schroder, "Die Bestimmung der mittleren 
Bildwolbung doppelsyrnmetrischer Ablenkspulen fur Kathodenstrahlrohren," 
Zeitschrift fur technische Physik, Vol. 23, 1942. 
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Higher-Order Solution 

The analysis of the uniform field still leaves the question open as 
to whether more general field distributions can yield a larger radius 
of curvature R, than is given by Equation (33). For this purpose, 
higher-order polynomials were used for K(z) f and 1/R was minimized 
with respect to the parameters of the expansion. Of course, K (z) must 
obey its boundary conditions at z = 0 and z = L 

The expansion of K(z) was done in terms of Legendre polynomials. 
In order to change the interval 0 to I of z, into an interval - -1 to +1, 

FIELD GIVEN BY Kp fy) 

" " K 2 (y) 

" Kj(y) 



P = R/L 




2 .3 A .5 .6 J .8 .9 1-0 

Fig. 9 — Maximum radius of curvature for a polynomial expansion 

of the field. 



change variables from z to y, where y is given by 

y= (2 z/l) -1. (37) 

Now more general expressions for K (z) can be given: 
First-order 

Ki(y) = d/2)P 0 (y) + (l/2)I\(y) (uniform field), 
Scco7id-order 

K 2 (y) = a 0 P 0 (y) + (1/2) P^y) + (1/2 - a 0 )/\ (y), 
Third-order 

K*(y) = a 0 P 0 (y) + a x P t (y) + U/2-a 0 ) P 2 (?/) + (1/2 -%) P 3 ( y ;. 
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The minimum radii of curvature for each case are given in Figure 9, 
in terms of p — R/L and A = l/L. 

The main conclusion of this investigation is that the improvement 
that can be achieved by using a more general field distribution than 
the uniform field is completely insignificant. For example, always using 
the best choice of a Q and a Y in K 3 (y) , 



P — 



A (1 — A + .13A 2 + .06A :i + .01A 4 ) 
(1 — .52A 2 — ,01A n + .04A<) 



(38) 



Quantitative comparison of Equations (38) and (34) , as shown in 
Figure 9, demonstrates how insignificant the improvement of the more 
general third-order field is over the uniform field. 

Equivalent Uniform Field 

For a practical application of the results in the preceding section, 
one point needs further clarification. Actual fields are not precisely 
confined to a region from 0 to I. In order to give the formulas mean- 
ing, therefore, we must define a length which will be associated with 
an actual field distribution which ranges from plus to minus infinity. 
This is possible, particularly when one recognizes from Equations (34) 
or (38) that R is sensitive to the length of the field only for short 
fields. Therefore, the formula for the equivalent length should be very 
good for short fields, I < 7>/3, and qualitatively correct for larger fields. 

An analysis of Equation (30) in connection with Equations (29) 
and (34) gives, for the effective /, 



r 

L. 



f 



II Aw) dw 



r /" 



(39) 



where w represents an arbitrary coordinate system. In order to place 
the origin of the z coordinate system, the principal plane of deflection 
must be known. This is given by 



r r i r r 

Up — I / u)H 1 (w) dw J 
i — *- — co — i i — «y _ 



H x (w) dw 



(40) 



The ^-coordinate system is now defined bv 



z = w — iv r + l e /2. (41) 
The image curvature can be predicted by measuring H l (iv) t deter- 



www.americanradiohistorv.com 



ELECTRON BEAM CONVERGENCE 



185 



mining l c from Equation (39), w P from Equation (40) and the z-co- 
ordinate system from Equation (41). This gives L. To get the image 
curvature, Equation (34) is used, substituting IJL for X. 

Therefore, in order to predict the image curvature, it is necessary 
to know only H l (w) f the field distribution along the axis. 

H. 2 (z) Contributions 

Even though the surface of least confusion, that is, the mean image 
curvature, is independent of H 2 (z) in Equations (3), nearly all other 
properties of the yoke are extremely sensitive to that function. It is, 
therefore, important to adjust H 2 (z) carefully to obtain desired results. 

H^{z) can be used to give anastigmatic yokes, or purposely astig- 
matic yokes to fulfill special purposes such as line focus, etc. These 
possibilities will now be taken up in turn. Since for every special 
purpose H 2 {z) will depend very sensitively on H l (z), it shall be as- 
sumed in what follows that H x (z) is a uniform field of length I, where 
I « L/3. Similar calculations, of course, can be made for any particular 
H x (z) distribution. 

Anastigmatic Deflection. An examination of Figure 6 will show 
that if it is desired for the beam, converged on the surface of least 
confusion, to be a point, then R T = R r = R. In Equations (25) this 
means that J T = J P . Substituting the assumed constant H x gives, 
neglecting terms of the order (l/L) 2 , 



Recalling Equations (3) and the fact that for the assumed uniform 
H } (z) field the derivatives are zero, gives for the deflection field, 



Figure 10 shows the field distribution for an anastigmatic coil with a 
length / of about 5 inches. 

Horizontal Line Convergence. In the case of a line screen, it may 
be only necessary to converge to a horizontal or vertical line, rather 
than a round spot. Figure 6 shows that in that case R T — co or J T = 0. 
Applying this condition to Equations (25), and assuming a uniform 
H x as before, 



H 2 <* -ifi(3/2Z 2 ). 



(42) 



H r = H x [1 + (3/2) (.rVH - (3/2) (y7i 2 )L 
H v = -3Hi(xv/F), 
//.= 0. 



(43) 



H 2 ~H l (9/2/L). 



(44) 
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Substituting into Equations (3), gives, for the field distribution, 

H a = H x [1- (9/2) {xyiL) + (9/2) (i/VZL)], 

H V = 9H 1 (xy/lL), (45) 

H s = 0. 

Such a magnetic field would produce a spot converged on a horizontal 
line. Figure 11 gives such a field distribution for a yoke screen distance 
L = 20 and a yoke length I — 5. 

Vertical Line Convergence. If it is desired to bring about conver- 
gence on a vertical line, then Figure 6 shows that R P = or J P ~0. 
(Since all the calculations are for vertical-deflection coils, it is obvious 
that if it is desired to have both vertical- and horizontal-deflection 




1 -2 3 4 .5 6 7 .8 9 1.0 .1 , 2 3 4 .5 & 7 8 t 1.0 

>- INCHES y - INCHES 

Fig. 10 — Example of a non-astigmatic field distribution (I = 5). 



coils produce horizontal line convergence, it is only necessary to rotate 
the field here calculated through ninety degrees and use it as a hori- 
zonal-deflection coil). 

The condition J P = 0, when applied to Equations (25) with uniform 
short H x (z), gives for H 2 , 



(3/Z2). (46) 

Substituting into Equations (3) gives, for the field distribution, 

H, = H t [l + 3(z*/F)-3(v*/P)] 9 

H„= -m^xy/P), (47) 

#, = 0. 
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y - INCHES V " INCHES 

Fig, 11 — Vertical-deflection field with a horizontal line convergence length 
I, of 5 inches and a field-screen distance, L, of 20 inches. 

Figure 12 shows such a field distribution for a yoke length I = 5. 

Extrapolation to Higher Angles 

The radius of image curvature, R, implies that the surface of least 
confusion in the y-z plane is given by 

y 2 + 2wR + w 2 ^0, (48) 

where w is given by (z — L) . This equation must hold for small angles. 
On the other hand, for larger angles, the fact that the surface has to 
pass through y — 0, w — — L can be used. This can be achieved by 
modifying the w 2 term. This gives, for the complete surface, 




y - INCHES y- INCHES 

Fig. 12— Vertical-deflection field with a vertical line convergence length, /, 

of 5 inches. 
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y 2 + 2Riv + (2R/L) w 2 — 0. 



(49) 



Or, in the ^-coordinate system, 



y 2 — 2Rz + (2R/L) z 2 = 0. 



(50) 



Equation (50) is easily recognized as an ellipse with the center at 
y = 0, z = L/2, with a semi-major axis in the z direction of magnitude 
L/2. and a semi-minor axis in the y direction of magnitude (RL/2) 1 ^ 2 . 
Figure 13 gives such surfaces of best convergence for various values 
of l/L = A, 



Fig. 13 — Surfaces-of best convergence for various field lengths (X = //L). 
Spot Size 

From Equations (16) and (33), the shape of the spot on a flat 
screen can be evaluated. The spot must be an ellipse with semi-axes 
given by a and b such that 



where a is the aperture angle (r/L) (see Figure 4) and y is the 
deflection angle. 



PLANE OF DE FLECTION 




PLANE OF SCREEN 



a + b ~ L (1 + L/l) a tan- y, 



(51) 
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The significance of the H. 2 (z) function is that a and b can be 
changed at will, as long as the sum a 4- b remains constant. This 
result is in essential agreement with E. Gundert. 4 

Conclusions 

The following conclusions can be drawn from this investigation: 

(a) The main features of a deflection field can be obtained by 
relatively few measurements of the magnetic flux. Due to the sym- 
metry properties of a deflection coil and Maxwell's equations, measure- 
ments on the central axis and along one line parallel to the central axis 
give the field anywhere reasonably close to the axis. 

(b) The surface of best convergence bends rather sharply towards 
the source of electrons. Under the best circumstances, it would have 
a radius of curvature approximately equal to 0.4 of the distance from 
gun to screen. Since such a curvature is impractical for a screen, it 
is necessary to use dynamic focusing. Therefore, it is to be concluded 
that the effect known as degrouping in shadow mask tubes cannot be 
eliminated by shaping the magnetic yoke field such that dynamic focus- 
ing becomes unnecessary, but must be corrected by other means. 

(c) However, in the case of a line screen where it is only neces- 
sary to form a vertically converged spot, it is theoretically possible 
to design a yoke which would give the desired result without the use 
of dynamic convergence. 

(d) Relaxation of the conventional symmetry properties of yokes 
would make these conclusions invalid. It may be possible to eliminate 
image curvature for asymmetric yokes. Significant improvements may 
result from an investigation of this possibility. 

4 E. Gundert, "Dimensionierung von Kathodenstrahlrohren," Tele- 
fttnkenrdhrc, 1953. 
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ELECTROLYTIC TRANSPORT PHENOMENA IN THE 
OXIDE CATHODE* 

By 

R. H. Plumlee 

RCA Laboratories, 
Princeton, N. J. 

Summary — An experiment is described in which some of the chemical 
changes produced in a BaO cathode by the process of drawing electron 
emission were detected. The experimental results include the measurement 
of field-dependent evaporation of H 2 , H2O, 0 2 , CO, and CO2 from the cathode. 
The evaporation of these gases tvas found to be dependent also upon cathode 
temperature, state of activity of the cathode, time, and previous duty period. 
Correlations between residual gas partial pressures and cathode activity 
were also found. 

These experimental results are interpreted as evidence that the oxide 
cathode coating contains impurity species incorporated as anions which 
are in labile equilibrium with their molecular dissociation fragments 
present in the vacuum space at small partial pressures. This conclusion 
is shown to be cry st alio graphically and thermodynamically feasible. 

Introduction 



1 



^HAT the emission of electrons from an oxide cathode is accom- 
panied by chemical change was shown by Becker. 1 Becker found 
oxygen evolution from oxide-coated filaments when the electron 
emission was temperature limited but not when the emission was space- 
charge limited. The oxygen evolution increased with current and with 
anode voltage. He also found that oxygen evolution occurred at a 
temperature considerably lower than that at which barium evaporation 
occurred. An electrolytic transport of ions was postulated by Sproull 3 
to account for the decay of pulse emission. He derived empirically an 
equation which described the emission decay. 

The fundamental importance of the Sproull equation was apparent 
when Nergaard 3 later showed that it can be expressed as a simple 



* A preliminary description of these results is contained in Report on 
Fourteenth Annual Conference on Physical Electronics, Massachusetts 
Institute of Technology, Cambridge, Mass., pp. 29-37, March, 1954. 

1 J. A. Becker, "Phenomena in Oxide Coated Filaments I," Phys. Rev., 
Vol. 34, pp. 1323-1351, November, 1929. 

2 R. L. Sproull, "An Investigation of Short-Time Thermionic Emission 
from Oxide-Coated Cathodes," Phys. Rev., Vol. 67, pp. 160-178, March 1 
and 15, 1945. 

3 L. S, Nergaard, unpublished results. 
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exponential decay formula if the t variable is first converted into a q 
or total electronic-charge-passed variable by the relationship 




In differentiated form, the Sproull pulse-emission decay formula thus 
became 




d\n(i — in) Jc 
dq ^ 



In this form it resembles the equation describing the rate of first-order 
chemical reaction processes but with current substituted for concen- 
tration and charge passed substituted for time. 

The fact that the instantaneous pulse current depends on the pre- 
vious history of charge passed thus appears to be related to Becker's 
observations 1 that the amount of oxygen or barium liberated by passing 
electrons through the coating was proportional to the electronic charge 
passed. 

Previous preliminary experiments 4 with oxide-cathode samples in 
the mass spectrometer supported Becker's observations on oxygen 
evolution and showed in addition that anionic impurities 5 such as Cl- 
are eliminated from the cathode in a fashion that is field dependent 
and temperature dependent. 

Further similar experiments with the cathode sample contained in 
a more favorable geometric arrangement appeared valuable as a means 
of determining in more detail the internal chemistry of the cathode. 

Some of the questions which such experiments seem likely to answer 
are the following: 

1. Under what conditions of activity, field, temperature, and re- 
sidual gas pressures is oxygen eliminated from the cathode? 



4 R. H. Plumlee and L. P. Smith, "Mass Spectrometry Study of Solids I. 
Preliminary Study of Sublimation Characteristics of Oxide Cathode Mate- 
rials," Jour. Appl. Phys., Vol. 21, pp. 811-819, August, 1950. 

5 R. H. Plumlee, "Preliminary Mass Spectrometry Study of the Subli- 
mation Characteristics of Solids Subjected to Electron Bombardment and 
Elevated Temperatures," Dissertation, Ohio State University, 1951. 
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2. Beyond what concentration does the remaining stoichiometric 
excess of barium evaporate? 

3. What are the chemical and physical properties of such excess 
barium ? 

4. Is this excess of barium relieved by evaporation or by incorpo- 
ration of anionic impurities to balance the oxygen lost? 

The experimental results answered some of these questions but 
raised many more. One of the most tantalizing of the questions raised 
is "Will an oxide cathode function in a vacuum?" 



Fil. Trans 




MASS 



SPECTROMETER 
ION SOURCE 

Fig. 1 — Circuit schematic. 

Experimental Procedure 

The apparatus consisted of a sample diode structure mounted in 
the ion source of a 60° mass spectrometer as shown in Figure 1. The 
test diode was comprised of parts of a 6CB6 receiving tube. These 
included the mica supports, shield, and first two grids. The cathode 
had the same dimensions as that of the commercial tube but was made 
from a pure BaC0 3 spray on "pure" nickel rather than from the com- 
mercial mixed carbonates and nickel alloy. The grids were spiral 
wound from .002 inch diameter molybdenum wire, with turns spaced 
.005 inch. The spacing from first grid to coating was .005 inch. The 
coated cathode area was about 0.25 square centimeter. The estimated 
maximum "anode" area was about 0.4 square centimeter. 

Bias voltages were used between various electrodes to prevent the 
electrons and ions formed in the test diode from entering the ionizing 
chamber of the spectrometer ion source. With this arrangement the 
spectrometer measured only the ions formed by its own ionizing elec- 
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tron beam from neutral gas molecules in its usual ionizing chamber. 

A 60-cycle anode voltage was applied to draw emission from the 
cathode. Neutral materials which evaporated flowed through the grid 
structure into the path of the spectrometer's ionizing beam. There 
they became ionized, then analyzed and recorded as part of the mass 
spectrum. The high perveance of the diode structure (1.7 X 10 -2 
amp.cm.- 2 v~' Arl ) allowed the use of low anode voltages (less than 
13 volts) for drawing electron emission. This kept average grid power 
dissipation low (less than 0.1 watt per square centimeter) and pro- 
duced very little gas ionization. 




Fig. 2 — Vacuum-system schematic. 



A GAL5 diode was connected in the anode circuit so that, if desired, 
the positive half of the voltage cycle could be clipped, thereby prevent- 
ing application of a positive anode voltage to the test diode. This w T as 
occasionally done to determine whether mica electrolysis contributed 
a field-dependent component to the peak height increments observed. 
None was found, and it was concluded that only the application of 
positive anode voltages produced the observed enhancement of the 
various spectrum peaks. 

Figure 2, shows the schematic diagram of the pumping system. 
Processing of the assembled vacuum system consisted of a bakeout 
(350°C, 4 hours), a degassing of the cathode (a nominal 6.3-volt 
heater variety) by applying heater voltages up to 10 volts. After the 
initial processing, the residual gas pressure normally remained at 
about 5 X 10 -8 millimeter. Measurements were made intermittently, 
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and the cathode was operated with more than 6.3 volts heater voltage 
for a total of about 200 hours (during about six months in high 
vacuum) before the experiment was terminated by failure of the 
spectrometer filament. Neither the residual gas composition nor the 
cathode behavior changed appreciably in this period. Between measure- 
ments, cathode and ion source were usually kept at room temperature. 

After the source and sample had been warmed from room tempera- 
ture to operating temperature, an equilibration time of about one hour 
was needed to stabilize the composition of the residual gas sufficiently 
to permit sensible measurements. However, neither the cathode nor 
the system could be said to have stabilized completely at any time 
during the course of the experiments. 

The partial pressures of the gases H 2 , H 2 0, CO, 0 2 , and C0 2 
evolving from the heated cathode (1035°K) were found to be substan- 
tially greater than those contributed by the remainder of the system 

Table I 



Gas Approximate Partial Pressures 

Species (millimeters of mercury) 





E H = 7 volts (1035°K) 


Err = 0 Volts 


H 2 


1.6 X 10-s 


3.2 X 10-o 


H 2 0 


5.4 X 10-s 


1.5 X 10-8 


CO + N 2 


2.4 X 10-s 


8 X 10-o 


0 2 


1.9 X 10-» 


1.1 x io-o 


C0 3 


1.8 X 10-° 


1.1 X 10-o 



even after the cathode had been continuously heated to 1035°K or 
higher for 48 hours. Table I gives such partial pressure data. 

After the residual gas spectrum had "stabilized" for a particular 
cathode temperature at which emission could be drawn, the spectrom- 
eter was adjusted so that a selected peak of the spectrum could be 
measured. By biasing out most of the signal at the input of the 
electrometer amplifier, one could record directly, with any desired 
amplifier gain, the increment produced in the peak height by the anode 
voltage applied to the test diode. As will be seen, these increments 
ranged from less than 1 per cent of the background peak to values 
as high as 90 per cent of the background peak. 

General Results of Measurements of Cathode Reactions 
0 2 Evolution 

The first measurements were made on the molecular oxygen peak, 
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CONDITIONS: 

E H = 95V RMS T^)I43°K 

^C0 2 ~ 3 X 10 MM 
I P ^58PEAK MA/tM 2 
FOR E B = 14.1V-.PEAK 
VALVES OPEN 



TIME (MINUTES) 

Fig. 3 — C0 2 evolution from BaO cathode. 



0 2 + , as a function of applied anode voltage. (All the oxygen evapora- 
tion which was detected occurred as molecular 0 2 .) The increment in 
the 0 2 + peak is time dependent in a manner similar to that shown 
for C0 2 in Figure 3. The asymptotic (equilibrium) values of the 0 2 + 
increments produced are plotted in Figure 4. The 0 2 evolution is pro- 
portional to anode voltage up to E P — 12 volts (peak). Above this it 
becomes erratic and appears to saturate. The lines with the various 
slopes were taken for slightly different degrees of cathode activity. 
Though the measurements are not conclusive, the indication is that the 
less the slope of the line, the higher the state of activity, suggesting a 
lower rate of 0 2 elimination. The maximum ratio of increment, A/, 
to background, I 0 , measured for 0 2 was 




Fig. 4 — 0 2 evolution from BaO cathode. 
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It is interesting to note that this diode showed very markedly the 
familiar "ten-volt slump effect." The electron current measured simul- 
taneously with the above 0 L » evolution increments is plotted in Figure 5. 




Fig*. 5 — Electron emission versus anode voltage. 



The current is space-charge limited for E P < 12 volts (peak) . For 
E P > 12 volts, the current slumped and the values plotted are time 
dependent as well as voltage dependent. It is to be noted that the 0.> 
increment showed saturation in this region rather than a marked 
increase as one would expect if anode bombardment were dislodging 
oxygen from the anode and thereby causing poisoning of the cathode 
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in accordance with a frequently propounded explanation" s of the 
phenomenon. Examination of the 0+ spectrum peak is complicated 
by the contribution to this peak produced by H L >0 fragmentation during 
ionization, but there was no indication of a threshold increase in this 
peak coincident with the slump in emission. 

It is to be noted also that the perveance (5 X 10 ~ 4 amp cnr- v~ :5/ -) 
computed from the electron current curves in Figure 5 is much smaller 
than the value (1.7 X 10~ 2 amp cm -2 v~ 3/ ~) computed from the diode 
geometry or from handbook characteristics for the 6CB6. This differ- 
ence is due to the I r R K voltage drop across the cathode resistance. 
The cathode resistance can be calculated (from the geometrical per- 
veance and the current measurements) to range from about 1100 to 
850 ohms for the four sets of data plotted in Figure 5. From the 
cathode coating resistance, the apparent contact potential drop, and 
the perveance line, it is deduced that for the highest current shown 
in Figure 5, about 1.1 volt (peak) appeared across the vacuum, and 
9.8 volts (peak) appeared across the cathode coating 9 (and /or across 
an anode film). Because the current did appear to be space-charge 
limited, it is likely that most of the electrons arrived at the anode 
with kinetic energies characteristic of the potential drop occurring 
across the vacuum rather than with energies characteristic of the 
potential drop between anode and base metal of the cathode. Hence 
the threshold impact energy of the electrons arriving at the anode at 
the onset of the slump in current was about 1.1 electron volts. This 
might be adequate to produce desorption of anode films but not ade- 
quate to produce a bona fide dissociation of molecules or ionic crystals. 

Typical decay and build-up curves for the oxygen evolution are 
given in Figure 6. The decay is well represented by two exponential 
terms, but the build-up requires three. For this figure, the time con- 
stant of the amplifier-recorder system was 0.7 second (for 1/e change) , 
hence the curves are little distorted by lag in the recording system 
after about one second of elapsed time. The shortest measurable time 



0 H. Jacobs, "Dissociation Energies of Surface Films of Various Oxides 
as Determined by Emission Measurements of Oxide Coated Cathodes, " 
Jour. AppL Phys., Vol. 17, pp. 596-603, July, 1946. 

7 G. H. Metson, "Note on Volt-Dependent Poisoning Effects in Oxide 
Cathode Valves," Proe. Phys. Soc, Vol. 62, Section B, pp. 589-591, Septem- 
ber, 1949. 

s D, A. Wright, "Some Effects of Slow Electron Bombardment in 
Thermionic Valves/' Brit. Jour. AppL Phys., Vol. 5, pp. 108-111, March, 1954. 

9 J. R. Young and A. S. Eisenstein, "Oxide Cathode Interface and 
Coating Voltages/' Phys. Rev., Vol. 75, p. 347 (Abstract), January 15, 1949. 
These authors used a retarding field method for measuring coating con- 
ductivity. They also found substantial voltage drops across cathode coatings. 
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constants in Figure 6 are about 10 seconds, the longest about one 
minute. With increasing anode voltage and cathode temperature, the 
initial rise (say during the first 10 seconds of elapsed time) accounted 
for more and more of the final increment value. Like electron pulse 
current versus time curves, 3 these 0 2 evolution versus time curves can 




ST 4 




0 20 40 60 80 100 120 140 

TIME (SECONDS) 



Fig. 6 — 0 2 + build-up and decay. 



be represented by a single exponential if the time variable is replaced 
by an 0 2 -evoIved variable. It may be noted that the Sproull decay 
formula for pulse emission as originally stated with the time variable 
is representable by one exponential term if the decay is slight and by 
several exponential terms if the decay is large. 3 Facilities were not 
available for synchronized recording of both the gas evolution and the 
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electron current, hence we have no plots of 0 2 evolution versus electron- 
current passed or q variable. At the low-temperature limit of detection 
of the field-produced 0 2 increment (about 1000°K), the increment 
still had an initial rise as fast or faster than the recorder could follow. 

The cathode was always more active when the pump lines were 
shut than when the pump lines were open. The apparent activation 
energies computed from the temperature dependence of the Oo incre- 
ment were 3.4 electron volts when the valves were shut and 2.4 electron 
volts when the valves were open. This agrees with an observation 
made earlier regarding the data of Figure 4, namely, that the more 
active the cathode, the lower the field-dependent rate of 0 2 evolution. 
The difference in electron current produced by closing the pump lines 
was about a factor of two at a temperature of 1085°K. 
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Fig. 7 — H 2 0 evolution from BaO cathode. 



The precision of the measurements was inadequate for quantitative 
comparison of measurements made under one set of conditions with 
those made under another set of conditions. On a semilogarithmic 
plot of peak height increment versus time, e.g., Figure 6, at least two 
decades of amplitude change appeared to be significant. Thus even 
1 per cent errors in values of asymptotes distort the curve shapes 
considerably. 

ILX) Evolution 

The field-dependent evolution of H 2 0 from the BaO cathode had an 
unexpected variation with time. This is illustrated in Figure 7. The 
brief positive increment after E B was turned on varied with cathode 
temperature in both amplitude and time constant (but differently) 
(see Figure 8 — the dashed lines give the amplitudes corrected for 
amplifier lag). The amplitudes increased with temperature and the 
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time constants decreased. In addition, the longer the preceding E ir off. 
period, the larger the amplitudes of the positive spikes, and the shorter 
the preceding E fl -on period, the larger the amplitudes of the negative 
spikes. The amplitude of the slow decrease in H L ,0 peak height pro- 
duced after switching E n on also increased with temperature (Figure 
9). The variation of this slow decrease is shown in Figure 10. The 
amplitudes of all three increments had roughly the same proportion- 
ality to the anode voltage. The slow decrement was proportional also 
to the square of the H 2 0 partial pressure. 




No simple plausible equation for the chemical reaction responsible 
for square-law dependence of AI on I 0 has yet been discovered. If 
only gaseous reaction species and products are involved, the field- 
produced increments in the products should bear some approximately 
integral relationship to the field-produced decrement in H 2 0 concen- 
tration. In Table II only the increments in Ho, CO, and COo are roughly 
comparable with the H 2 0 slow decrement. The 0 2 increment is very 
small. Thus reactions of the coating are required by which H 2 0 is 
consumed, by which little Oo is evolved, and by which considerable H 2 
is evolved. The over-all process must be second order with respect to 
H 2 0 vapor phase concentration. Charge balance must of course be 
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maintained in the crystal, though the balance in numbers of cation 
and anion sites may perhaps be allowed to vary some. The second- 
order requirement, more than any other, would appear to rule out all 
simple reactions. It is conceivable, however, that this requirement is 
imposed by a steric factor in the positioning of reacting* H L »0 molecules 
on the surface. In this circumstance, reactions describable by simple 
chemical equations are allowable. Some of these are the following: 
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Fig. 10 — H^0+ slow build-up and decay. 
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7/ 2 Evolution 

As indicated above, the H 2 + spectrum peak also showed a depend- 
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ence on anode voltage. As shown in Table II, the absolute value of this 
field-produced increment was comparable with the increments in other 
species. This field dependence is presumed to originate in two ways, 
(a) by electrolytic discharge of H~ ions from the surface of the coat- 
ing or, (b) by more obscure reactions with water vapor as suggested 
above. The chemical literature 10 indicates that hydrogen reduces 
alkaline earth oxides to form hydrides provided other metals such as 
aluminum and magnesium are present. Although the cathode nickel 
is called "pure" nickel, it contains "reducing" materials comprising 
a total of about 0.1 per cent. 



Table II — Spectrum Peak Heights and Increments Produced by 
Turning on Anode Voltage* 



AI 







In 


Increment 








Peak Height 


Produced by 


AI 


Mass 


Ionic Species 


(Amps. X 3 


Turning E B = 0 




Number 


Predominant 


X 10«) 


toEn = 8v 


Io 


2 


H 2 + 


0.67t 


+ 0.07t 


+ (1/9.6) 


12 


C + 


0.24 


+ 0.02 


+ d/12) 


14 


CO + + , N + 


0.38 


0.00 


16 


0 + 


1.0 


+ 0.05 


+ d/20) 


17 


OH + 


8.1 


— 0.08 


— (1/100) 


1* 


H.O + 


30.0 


-0.35 


— (1/86) 


18 


CO + ,N 2 + 


4.9 


4-0.15 


+ (1/33) 


2) 




0.1 


0.00 


32 


0 2 + 


0.31 


+ 0.01 


+ (1/31) 


44 


C0 2 + 


0.94 


+ 0.10 


+ (1/9.4) 



t If these values are multiplied by a factor of 9 to correct for known 
instrumental discrimination against Ha(g) compared with other common 
gases, then all current readings have roughly the same proportionality 
constant relating them to vapor phase concentrations of the un-ionized 
species. 

* Cathode condition: inactive, degassed, En — 8 volts, I P 5.5 peak 
ma/cm-. 



The shape of the plot of increment versus time after E R has been 
turned on and off was similar to that shown by 0 2 and C0 2 (e.g., 
Figure 3). Filament failure terminated the experiment before de- 
tailed measurements on the field-dependent H 2 evolution were obtained. 

C0 2 Evolution 

The COo evolved from the BaO cathode was studied more thor- 
oughly than was any other cathode dissociation product. This emphasis 



10 D. T. Hurd, Chemistry of the Hydrides, John Wiley and Sons, Inc., 
New York, N. Y., 1952, p. 41. 
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occurred largely because, with the range of magnitudes of field- 
produced and thermal evolutions present, the field effects on CO. 
evolution were more easily measured than were the field effects ob- 
tained for any other species. On the basis of chemical evidence thei^e 
were a priori reasons also for trusting that the measurements on CO^ 
were of general significance and not simply freak performances of a 
specific sample or a specific vacuum system. The existence of remanent 
carbonate in BaO formed from BaCO ;? has long been known to cathode 
makers and the decomposition of the final few per cent of BaCO y in 
BaO is known to proceed slowly. 11 

The variation with time of the field-produced increment in the 
C0 2 + spectrum peak is shown in Figure 3. For E n > 8 volts, the 
increment clearly goes through a maximum and has a slow decay 
(time constant about 45 minutes) with the field on. The amplitude 
of the field-produced increment is duty dependent — ■ the longer the 
previous E n off-period, the larger the Al produced when E n is turned 
on. By selecting a fixed time ratio for E u -o\\ y E n -off periods, moder- 
ately coherent plots of the increment, A/, versus anode voltage, tem- 
perature, and C0 2 pressure were obtained. However, even at the best, 
a considerable amount of hysteresis occurred so that some variation 
with time was always included in measurements of changes produced 
by other variables. The increment produced by the field appears to be 
proportional to the field at low field and to saturate when the enhanced 
rate of loss due to the field becomes comparable with the rate of 
incidence of COo on the coating from the gas phase. The electron 
current also showed a hysteresis which may have been related to the 
CO- hysteresis, but the experimental results are inadequate for ana- 
lyzing the relationship. 

The field-produced C0 2 evaporation was also found to be propor- 
tional to the partial pressure of COo in the vacuum system. For 
making these measurements the pump leads from the analyzer tube 
were closed with the polished glass valves in the pump lines so that 
CO., (and other gases) generated by the vacuum system accumulated 
in the analyzer. Measurements of the field-produced increments were 
made both while the valves were shut and after they were opened. 
Figure 11 shows a plot of the ratio (A//7„)- /:i versus E B . The scatter 
in the points is attributed to the effects of duty dependence and hyster- 
esis which were present in all measurements. The COo partial pressure 



11 J. J. Lander, "Experimental Heat Contents of SrO, BaO, CaO, BaCO, 
and SrCC :J at High Temperatures. Dissociation Pressures of BaC0 3 and 
SrCOa," Jour. Amer. Chem. Soc, Vol. 73, pp. 5794-5797, December, 1951. 
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encompassed in the data has a factor of seven between the highest 
(when the valves were shut) and the lowest (after the valves had 
been open long enough to exhaust the accumulated gases). Plots of 
the data as A/// 0 versus E n - or as In A/// 0 versus E n show saturation 
for E J{ > 8 volts. The special significance, if there is any, of the 
apparently linear variation of the ratio A7// 0 with E lt z/ - is not known. 




Fig. 11 — Voltage dependence of CO* evolution. 



As in the case of the 0^ evolution, the electron current shows satura- 
tion on the 7 p - /3 versus E B plot in a region in which the field-produced 
increment in evaporation is still increasing with its low-field slope. 

The proportionality between field-produced C0 2 evaporation and 
CO^ background pressure suggests the presence of C0 :i '~ i° n s in the 
BaO structure and indicates that the rate of C0 2 discharge by elec- 
trolysis is proportional to C0 3 = concentration. 
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With the valves open and the system being pumped, the tempera- 
ture dependence of the C0 2 partial pressure over the BaO cathode was 
measured and an "activation" energy for the loss of COo was computed 
from the In / co>> versus 1/T plot. This agreed quite well with the heat 
of dissociation computed by Lander 11 from measurements of the dis- 
sociation pressure of bulk BaC0 3 . Assuming an ideal solution of 
BaCO ;1 in BaO and applying the rough pressure calibration figure for 
the mass spectrometer's sensitivity, a mole fraction of 10~~ n for the 
concentration of C0 8 = in BaO was estimated. 

The ratio A/// 0 was sharply duty dependent over the entire pres- 
sure range studied. 

Examples of field-produced increment build-up and decay curves 
for COj are shown in Figures 12 through 18. The data of the initial 
part of the Figure 12 curve are replotted with an expanded time scale 
in Figure 13 with A/ ]n;lx — A/ rather than A/ as ordinate. This plot 
suggests the presence of three exponential terms. The amplifier time 
constant was about 0.1 second, and the recorder printing frequency 
was 5 per second, so that the Figure 13 is practically undistorted for 
elapsed time longer than 0.2 second. Figures 14 and 15 give the decay 
in the field-produced increment after E lt was turned off following the 
recording of the data of Figure 12. Figure 15 is the expanded initial 
segment of this decay. 

There was no marking system which precisely defined the time at 
which anode voltage was applied, and the t = 0 point was always 
selected by following the increment back to zero value on the record. 
In many of the original records there are indications of the presence 
of an "induction" period of 0.1 to 0.5 second which occurred after E H 
was switched on and before the increment began its chief rise. This is 
shown in Figure 16. The first three points are 0.2 second apart and 
form a line discontinuous with the main build-up. The amplifier time 
constant was again 0.1 second, and the printing frequency of the 
recorder was five per second. (The recorder prints an instantaneous 
signal value five times per second, not a value integrated over the 
previous 0.2 second interval. Printing strokes of the recorder were 
counted to establish the time base in the early sections of the build-up 
and decay traces.) 

Figures 17 and 18 show what are believed to be more generally 
significant curve shapes for the build-up and decay of the C0 2 incre- 
ment than are the previous curves. These semilog plots of amplitude 
versus time are characterized by a reversal of curvature beginning 
about 10 seconds after E B was switched on. Some such plots become 
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straight lines and the ordinate intercepts of the extrapolated lines are 
usually nearly the t — 0 values of the increments as shown on Figure 
18. This characteristic has been found by Nergaard 3 also for semilog 
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Fig. 12— CO,+ build-up with E B = 8 volts. 



plots of electron emission versus time made from data taken in the 
course of experiments in which a cathode was activated by deposition 
of alkaline earth metal ions via the mass spectrometer. 12 He has noted 
that such plots are consistently representable as sums of two or three 
exponential terms. When graphically resolved, the terms of many such 
individual plots are shown to have a common intercept value at t — 0; 
however, in some cases two or three separate intercept values are indi- 
cated. Although this representation suggests no unique mechanism, 
it does indicate the presence of processes which proceed in parallel 



12 R. M. Matheson and R. H. Plumlee, unpublished results. A prelimi- 
nary description of these results is contained in "Report on Fourteenth 
Annual Conference on Physical Electronics/' Massachusetts Institute of 
Technology, Cambridge, Mass.. March, 1954, pp. 37-41. A more complete 
account will appear in RCA Review. 
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with different rate constants and an opposing process which regene- 
rates to some extent the condition whose decay is primarily evident. 
The behavior of the COo increment is similar to that of the 0 2 

r 

increment in that plots of In AI values versus / (AI)dt display one 

J o 



or two straight line segments covering most of the build-up and decay 
time intervals. 




0 2 4 6 8 10 12 

time(seconds) 

Fig. 13 — CO-+ build-up with En on (initial portion of Figure 12). 

Evolution of Barium 

Unfortunately, failure of the mass spectrometer filament terminated 
the experiment before an intensive effort had been made to detect 
field-dependent barium evolution. Preliminary attempts detected no 
barium evaporating, either with or without field applied, at tempera- 
tures as high as 1085°K. At this temperature, the field-dependent 
evolution of (X, and other gases was quite discernible, and many of the 
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Fig-. 14— C0 2 + decay with E B off. 



measurements on these dissociation products were made at this tem- 
perature. The evolution of barium, if it occurred, was fully an order 
of magnitude less than the evolution of 0 2 at 1085°K t and could not 
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Fig. 15 — CO-+ decay with Eu off (initial portion of Figure 14), 
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have been larger than that corresponding to a partial pressure of 
10 -10 millimeter of mercury. 

At no time was the field-produced increment in either the Oo or 
C0 2 peak larger than the background value of the peak when the anode 
voltage was zero, though ratio values of A//7 0 ran as high as 0.9. 
Figures 3 and 6 and others show relaxation times for establishment 
of steady-state evolution rates of the order of a minute at 1085°K. 

50.0, ] 1 1 




2 

.1 I I I I 1 1 

O 10 20 30 40 50 60 

TIME (SECONDS) 

Fig. 16 — CO a + build-up with Eb = 8 volts. 

Thus it seems likely that recombination of the crystals with oxygen 
(or other anion-forming materials) was adequate to balance the rate 
of loss of 0^ and that the barium in excess of the stoichiometric value 
reached an asymptotic level in about one minute. There were indica- 
tions of processes with much longer time constants, e.g., 45 minutes 
in the CO, hysteresis, but the amplitude changes were smaller for the 
slow processes than for the fast ones. Therefore, it does not seem 
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likely that for d-c operation the barium excess continuously increases 
with time, electron charge passed, and quantity of 0 2 electrolyzed in 
any ordinary vacuum system in which recombination can occur. 

This conclusion is in apparent disagreement with Becker's results; 1 
however, it is quite likely that the pressures of "residual" gases in 
Becker's tubes were much lower than those in the present experiment 
so that the recombination level was much lower. The oxygen evolved 
from the directly heated filamentary cathodes Becker studied was 
largely removed from circulation by combination with the W filament 
whose emission decline was used for detecting the oxygen. 

The absence of detectable barium vaporization is in agreement, 
however, with conclusions derived from more recent research reports 
by investigators 13 * 14 using quite different experimental approaches. 

Evolution of Other Species 

Table II gives a typical set of measurements of field-produced incre- 
ments in various spectrum peaks and the zero-field background values. 
Some of these species are of course fragments of the parent molecules. 
Other species not listed, such as CH 4 and C 2 H 2 , usually appeared in 
the spectrum when the cathode was first warmed after having been 
at room temperature overnight. It is not certain whether these species 
were affected by the field. Careful examination of the spectrum peaks 
due to argon and mercury detected no field-produced effects. This 
satisfactorily demonstrated that not every species in the spectrum 
showed a behavior dependent on anode voltage applied to the test diode. 

For the particular condition of the cathode and the system at the 
time the values in Table II were taken, the absolute magnitudes of 
field-dependent components and zero-field background components sug- 
gest the conclusion that the field-dependent evolutions of C0 2 , 0 2 , CO, 
IL>0, and H., are mutually independent processes. The ratios of the / n 
values for the different species do not correspond with the ratios of 
the A/ values, except for the pairs of values for OH+ and H L ,0 + . 

The field-dependence of the mass 28 peak might be attributable to 
electrolytic discharge of as A r 2 and/or CO from HCO L >~ (formate) 
impurity. It is known that CO reacts with hydroxides and hydrides 
to produce formates. 15 There appear to be no dissociation pressure 



y - i L. A. Woolen, A. E. Ruehle, and George E. Moo-e, "Evaporation of 
Barium and Strontium from Oxide-Coated Cathodes," Jour. Appl. Phys., 
Vol. 26, pp. 44-51, January, 1955. 

11 Cornelis Timmer, "The Density of the Color Centers in Barium 
Oxide as a Function of the Vapor Pressure of Barium. " Thesis, Cornell 
University, Ithaca, N. Y.. February, 1955; Jour. Appl. Phys., in press. 

15 F. Ephraim, Inorganic Chemistry , Interscienco Publishers, Inc., New 
York, N. Y., Fourth Edition, 1943, p. 79G. 
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data available on alkaline earth formates from which to estimate the 
stability of such impurity solutions. It will be shown from thermo- 
chemical data that such addition-type anionic impurities are generally 
more stable under vacuum tube atmospheres than substitutional anionic 
impurities such as 
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Fig. 17 — C0^+ build-up with E M = 0 volts. 



Measurements of Thermal Reactions Associated 
with a Receiving-Tube Structure 

Correlation between Cathode Activity and H 2 0 Partial Pressure 

The discussion of thermal reactions is separated from the discus- 
sion of field-dependent reactions described in the preceding section 
because contributions from thermal reactions of all the parts of the 
assembly warmed by the cathode heater were necessarily included in 
the values measured. The parts of the reactions contributed by the 
oxide coating could not be isolated as were the field-dependent processes. 
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Substantial evidence was found for the existence of an indirect 
relationship between electron current and the IL>0 partial pressure 
around the cathode. The measurements are shown in Figure 19. The 
current promptly reflected changes in H 2 0 partial pressures of the 
order of 10 _9 millimeter of mercury; however, the sign of the corre- 
lation depended upon the circumstances producing the pressure change. 
By contrast there was little semblance of any correlation between 
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Fig. 18— CO,+ decay with E» off. 



electron current and partial pressures of 0 2 and CO (Figures 20 and 
21). Unfortunately, the experiments were terminated before similar 
plots could be made of electron current versus C0 2 and H 2 partial 
pressures. Because of factors to be described, no interpretation was 
obtained for the specific mechanism through which the H 2 0 concen- 
tration was related to cathode activity. The roughly reciprocal relation- 
ship between the CO and H 2 0 concentrations indicated by Figures 19, 
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Fig. 19 — Concurrent plots of electron emission and H 2 0+ peak height. 
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Fig. 20 — Concurrent plots of electron emission and 0 2 + peak height. 
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(AMPS X 3XI0 12 ) 
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(ref. o 2 -i tr 150) 



Fig. 21 — Concurrent plots of electron emission and C0+ peak height. 

20 and 21 suggests that still another constituent, perhaps H 2 , was 
involved in the coating reaction which affected the electron current. 
The behavior of the rLO and CO concentrations indicated also that 
the ionization gauge generated more IL.O than it gettered and gettered 
more CO than it generated. 
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These "effects" of "residual" gases were studied only by the ex- 
pedient of closing the pumping lines for the analyzer tube of the 
spectrometer and allowing the gases to accumulate. Some additional 
variation in gas composition was produced by changing the tempera- 
ture of the ionization gauge filament (tungsten). From the application 
of these rather limited controls it was found that heating the cathode 
generated the common gases H 2 , H.,0, CO, 0^, and C0 2 at rates which 
produced, in the vicinity of the cathode, concentrations higher than 
those maintained there by the remainder of the vacuum system. The 
cathode, its heater, and mica supports effectively created an environ- 
ment of gas partial pressures ranging from 10 ~ 10 up to perhaps 10 ~ 5 
millimeter of mercury, depending on its previous high-temperature 
history. Any correlation between electron current and partial pressures 
around the cathode was necessarily a correlation with the steady-state 
concentration of the species built up by the cathode, its heater, and 
mica supports, rather than a measure of the effect of an independently 
controllable foreign species introduced from the outside. The thermal 
reaction data is perhaps more pertinent to a description of the over-all 
behavior of a cathode in a standard finished tube structure than to an 
interpretation of the basic properties of the oxide coating. 

Steady -St ate Conditions inside the Receiving -Tube Envelope 

Because of the fact that the sample structure used in the mass 
spectrometer for studying the cathode was assembled largely from 
standard components of a 6CB6 receiving tube, the partial pressure 
data obtained may have some relationship to conditions existing in 
commercial receiving tubes. 

A set of steady-state partial pressure values which fairly represents 
the range of magnitudes and relative contributions made by the heated 
"degassed" cathode structure and by the remainder of the vacuum 
system is given in Table I. The data indicates that, with E u — 7 volts 
(cathode temperature about 1035°K), the sample structure contributed 
about three times as much rL, H.,0, and CO as did the entire system 
when the heater voltage was zero. The cathode structure also contrib- 
uted more 0 2 and C0 2 than did the remainder of the system. These 
values were recorded after the cathode had been heated intermittently 
to electron emitting temperatures for a total of approximately 100 
hours. In the 48-hour period just preceding the reading of the values 
for E H = 1 volts, the cathode had been operated at a temperature of 
1035°K or higher continuously (except for an occasional interval of a 
few minutes at about 500°K for recording the background spectrum). 
The values for E n = 0 were measured subsequently, about five minutes 
after the heater voltage had been turned off. At 1035°K, the power 
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dissipated in the cathode was about 2.4 watts. The power dissipated 
in the filament of the spectrometer was about 13.5 watts. The cathode 
and its heater together weighed about 0.1 gram, the two micas weighed 
0.3 gram, and the assembly constituted only a minute fraction of the 
surface area and mass of the ion source of the spectrometer. Yet, 
having been thus thoroughly heat treated on a continuously pumped 
system at a total pressure around 10 - 7 millimeter of mercurcy (main- 
tained largely by gas from the cathode structure, of course), this 
structure still could maintain steady-state partial pressures about three 
times those produced by the remainder of the system. 
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Fig. 22 — Cathode temperature cycles and the variation in H 2 0 
equilibrium pressure. 



The values plotted in Figure 22 (taken a few hours earlier than 
those in Table I) further indicates the magnitude of the sample's 
contribution to the partial pressure of FLO in the ion-source region. 
In addition they show a high degree of reproducibility of the ampli- 
tudes of the HoO pressure for repeated cycles of high and low cathode 
temperature. In Figure 22 for the first high-temperature interval 
shown, the time-integrated loss of PLO was roughly three times the 
amount that could have been recovered during the low-temperature 
interval following, but the amplitudes in the next high-temperature 
interval were almost unchanged from those in the first. This, together 
with the long previous high-temperature history, indicates that the 
thermally discharged gases H L ,0, CO, C0 2 , and perhaps H 2 were not 
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simply stored on the surface of the sample structure by adsorption, 
but originated, in some way, in the bulk material. 

A plot of the envelopes of peak heights generated when the cathode 
was heated step-wise is shown in Figure 23. Prior to this heating, the 
cathode had been at room temperature overnight. At the end of the 
first hour's heating at 1035°K {E H — r l volts), the partial pressures 
were down to about three times the terminal values. 

Several conclusions may be drawn from the thermal evolution curves 
shown in Figure 23. One conclusion is that the mechanism producing 
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Fig. 23 — Cathode degassing during stepwise warmup. 



CO seemed to produce CO^ simultaneously. The curves have the same 
shape but, because the C0+ peak was larger at all times than the C0 2 + 
peak, the C0+ could not have been primarily produced by fragmenta- 
tion of the C0 2 in the ionizing beam. The 0.+ peak seems only mildly 
connected with the C0+ and C0.+ peak, and the small hump at 
E H = 4.5 volts is probably largely due to COo fragmentation. Thus 
CO and C0 2 were probably just different stages of oxidation of carbon 
derived from one source. 

A second conclusion drawn from curves in Figure 23 is that the 
Ho and H 2 0 were released most abundantly at a very low temperature 
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(E H ^2 volts) but continued to be evolved at temperatures higher 
than that at which the CO and CO. were primarily evolved. 

A third conclusion is that the H 2 and H.O concentrations appeared 
to be directly connected. One obvious possible means of connection is 
that the H 2 + current may have been produced by electron impact frag- 
mentation of the H.O evolved; however, this does not appear to be true. 

That most of the H.+ peak actually came from H 2 molecules rather 
than from electron impact fragmentation of H.,0 is shown by the field 
dependence of the Ho+ and H.O+ spectrum peaks. The data of Table 
II constitute a typical set of measurements of peak heights and field- 
produced increments all read within a period of about 35 minutes at 
the end of a day's operations. If the Ho were largely produced by H.,0 
fragmentations in the ionizing beam, the H, peak would be expected 
to have the same sign of field-dependence and show the same value for 
the A/// n ratio. Neither of these conditions was met. It is thus evident 
that the HL+ peak in the spectrum was formed by ionization of H, 
rather than by fragmentation of H^O. 

By similar arguments, the field-dependence of the CO+ and C0 2 + 
spectrum peaks supports the conclusion that most of the mass 28 peak 
is derived from CO rather than from CO.. fragmentation. The inter- 
pretation of measurements for the mass 28 peak was complicated by 
the known presence of N 2 introduced by leakage into the system. For 
the well-degassed condition of the cathode structure, the mass 28 peak 
probably contained 25 to 50 per cent N 2 . 

A final conclusion from the Figure 23 curves is that the partial 
pressures of £L, H 2 0, CO, O.,, and COo over the "room temperature" 
cathode structure (E n = 0 points) after a few hours' recovery time 
from previous high temperature operation were the same order of 
magnitude as the high temperature values for the "well-degassed" 
condition after many hours of high temperature operation. Because 
the spent getter surface of a receiving tube is essentially the same 
material as a cathode coating at envelope temperature, the equilibrium 
partial pressures of these species over the getter will match fairly 
closely the partial pressures of the same species maintained by the hot 
cathode structure in "degassed" condition. In this situation, the getter 
acts more as a filled sponge than as a pump. 

Alternative Mechanisms for Producing the Observed 
"Field-Enhanced Evaporation" 

Before considering the significance of the measurements, it is 
pertinent to inquire whether spurious properties of the apparatus or 
of the method could have produced the appearance of field-dependence 
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in the evolution of various common gas species. As yet we have found 
no convincing reason for believing that the field enhancement of these 
evaporation rates is not a real electrolytic reaction of the cathode 
coating. 

One suggested alternative electrolytic source, the support micas, 
was eliminated experimentally by the test use of negative half-wave 
anode voltages. With negative anode voltages no enhancement in 
evaporation of any species was found. 

The most obvious alternative interpretation, that anode bombard- 
ment desorbs the gases by decomposition of anode contaminants, prob- 
ably cannot be refuted categorically on the basis of available data; 
however, the wave form of the increments requires that the bombard- 
ment hypothesis incorporate a very complex mechanism to account even 
for the gross features of the time variation of the increments. 

To interpret the anomalous behavior of the HoO peak, the charac- 
teristics of the various increments as functions of cathode temperature, 
of anode voltage, of anode current, and of duty period as due to erosion 
of anode films would require a large collection of postulated conditions 
and restrictions. The coating-electrolysis mechanism is a considerably 
simpler interpretation. It requires one general postulate, namely that 
various common gas species in the vacuum system be in labile equilib- 
rium with certain anionic forms or fragments of themselves which 
readily occupy anion sites in the EaO crystals. The geometrical and 
thermodynamic feasibility of this postulate will be considered in the 
following sections. 

Crystallographic Aspects of Impurities in Oxide 
Cathode Coatings 

The question to be answered is "Can the addition-type anionic 
impurities be accommodated in the 0^ sites of the BaO crystal?" The 
answer is yes. 

The Ba-0 distance in (cubic) barium oxide is about 2.75 ang- 
stroms. 10 Using the radii of Ba+ + and 0 1.35 and 1.40 angstroms, 
respectively, 17 and assuming the ions are discretely bounded spheres, 
one finds the inscribed cube of the void bounded by 4 pairs of Ba+ + 
and 0 = sites comprising % of a unit cell is about 2.0 angstroms on a 
side and the inscribed square of the void which penetrates the (100) 



lfl R. W. G. Wvckoff, The Structure of Crystals, The Chemical Catalog 
Co., Inc., New York, N. Y., 1931, Second Edition, p. 224. 

17 Charles W. Stillwell, Crystal Chemistry, McGraw-Hill Book Co., 
New York, N. Y., 1938, First Edition, pp. 417-424. 
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faces of this Vs unit cell is about 1,15 angstroms on a side. The body 
diagonals of this unit cell are 4.76 angstroms and the (100) face 
diagonals are 3.89 angstroms. Subtracting the Ba++ radius from the 
Vs cell face diagonal and body diagonal in BaO leaves R x = 2.54 and 
3.41 angstroms, respectively, for the radius available to anions to be 
substituted for 0=*. 

In cubic" BaC0 3 , the Ba-C distance is 3.48 angstroms. The C0 3 - 
ion is planar and its axis coincides with a body diagonal of the unit 
cell. Free rotation of the C0 3 = is believed to occur. Below the trans- 
formation temperature at which the crystal structure changes to 
rhombohedral, free rotation does not occur, but an alignment of C0 3 = 
axis with the short cell diagonal is preserved. 

The circumscribing radius of the C0 3 = can be estimated from the 
following considerations. To quote from Stillwell, 19 "In the C0 3 = 
group, the radius of oxygen indicated by the C-0 distance is less than 
0.60 angstrom; whereas its radius in the direction of the cations is 
approximately the normal ionic radius, 1.40 angstroms." The experi- 
mental C-0 distance in C0 3 = is about 1.31 angstroms. 10 Adding to 
this distance these values of the oxygen radius one gets for the possible 
circumscribing radii of the CCV=, #oo 3 = = 1.91, 2.40, 2.71 angstroms. 

Thus if the C0 3 = were oriented in BaO roughly as it is oriented 
in BaC0 3 there should be ample room to accommodate it by making 
use of the void. Whether free rotation could occur might be open to 
doubt, but substitution certainly appears possible without excessive 
distortion of the cell dimensions. 

Diffusion of the C0 3 = by transfer of uncharged C0 2 (a linear 
molecule) through the void from oxygen site to oxygen site would 
appear to be rather easy. Although C0 2 has no permanent dipole 
moment, it undoubtedly can have an induced dipole moment. Elec- 
trolytic transport of a dipole will obviously not occur in a uniform 
electric field, but it can occur in a nonuniform field. Thus one can also 
expect field-dependent motion of uncharged C0 2 through the coating. 

If one grants the reasonableness of an orientation of the substituent 
anion which compromises spatial and electrostatic requirements and 
which makes use of the void, the substitution of other anionic species, 
and even molecular species, in the BaO crystal appears to constitute a 
rather ordinary phenomenon. 

It is of particular interest that the H 2 0 molecule, with a tetrahedral 



1S J. J. Lander, "Polymorphism and Anion Rotational Disorder in the 
Alkaline Earth Carbonates," Jour. Chem. Phys., Vol. 17, pp. 892-901, 
October, 1949. 

" Stillwell, Op. Cit, p. 261. 
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charge distribution 20 and an apparent radius of 1.38 angstroms, could 
substitute for O = if charge balance were maintained in the crystal by 
electrons. Such an addition of ILO to a vacant oxygen site would pro- 
duce a BaO crystal whose chemical composition would be indistinguish- 
able from one having two OH - sites to each of which is attached an 
extra electron, i.e., an OK~«e group.* It has been found that H 2 0(g) 
will react rather completely with the "excess Ba" of an active cathode 
coating in less than 16 hours 21 even though the coating is kept at room 
temperature. Presumably diffusion of FLO or its fragments through 
the coating proceeds rather readily. 

From a purely mechanical viewpoint, a tabulation of ionic radii 17 
indicates that substitution of OH", C0 3 =% 0.=, 0.", H , N= CN~, 
N0 ;J -, C10 3 -, HCO;,-, HC0 2 - might be expected in BaO. The postu- 
late derived from the electrolysis experiment — that such substitutions 
do occur — is still allowable. There are, of course, more subtle consid- 
erations which remain unknown. 

Finally, it may be noted that the void in BaO is nominally large 
enough to contain H 2 and N, interstitially, or one of several non- 
metallic atoms such as H, C, N, F, P, S, CI, or one of a variety of 
cations such as Li+, Be++, Na+, Mg + +, A1+++, Ca++, Ti+ 4 , Mn++, 
Fe+ + , and so forth. No anions appear to be allowed as interstitials 
(cf. Stillwell's tabulation of ionic radii). The continuity of the void in 
BaO is attained by channels probably large enough to render diffusion 
of many such likely interstitials rather easy. If cations are contained 
as interstitials, charge balance must be preserved by incorporating 
an appropriate number of electrons either as "free" electrons, as 
trivalent anions substituted for 0 * , or as anions added, on crystal 
surfaces, to the stoichiometric number of O^ ions. It is recalled that 
our early mass spectrometer experiments 15 always showed that alkali 
metal atoms and ions evaporate at low temperatures (500°C and 
higher) from bare nickel cathode sleeves. By contrast, these experi- 
ments detected no evaporation, even at much higher temperatures, of 
alkali atoms or ions from alkaline earth oxide cathodes supported on 
sleeves made from the same lots of nickel. Perhaps the alkali ions are 
contained as void interstitials in the oxide coating. 

20 A. F. Wells, Structural Inorganic Chemistry, Oxford Univ. Press, 
London, 1950, Second Edition, p. 428. 

* R. H. Plumlee, "The Electron Donor Centers in the Oxide Cathode," 
RCA Review, Vol. XVII, pp. 231-274, June, 1956. Arguments are presented 
in this paper from which it is concluded that such a group indeed constitutes 
the most important mobile donor species effective in the oxide cathode 
rather than the F-center donor species conventionally postulated. 

21 L. A. Woo f en, George E. Moore, and W. G. Guldner, "Measurement 
of Excess Ba in Practical Oxide Coated Cathodes," Jour. AppL Phys., Vol. 
26, pp. 937-942, August, 1955. 
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The Stability of Solutions of Impurity Anions in BaO(s) 

The thermochemical relationships necessary for considering the 
behavior of solutions are defined in the following paragraphs. 22 

The standard free energy change, AF°, for any reaction process is 
related to the equilibrium constant A' and the activity quotient as 

AF°= — RT In K = - RT ln V " ]C ln a /\ 

\ V r J 

In these equations, 

72= 1.987 calories/mole-degree, and 

T=°KeIvin temperature of the equilibrium considered. 

The and a r * values are activities of products and reactants respec- 
tively raised to the powers q and s equal to their coefficients in the 
balanced chemical equation for which the AF° value applies. In turn, 
AF°, at any temperature, is the change in free energy associated with 
a hypothetical process whereby each product is formed in its standard 
reference state of unit activity (a p — 1) and each reactant is consumed 
in its standard reference state of unit activity (a r =l). Each sub- 
stance is taken as being in its standard reference state when it is in 
that physical (gaseous, liquid, or solid) form which is stable under 
one atmosphere of external pressure. The following relationships give 
with sufficient exactness for present purposes the relationship between 
the activity a t of a species in any solution, the partial pressure 2h ( or 
any other colligative property), the vapor pressure p° which it shows 
in its pure standard reference state, and its mole fraction N t in the 
solution : 

Pi 

a t = = 7i N { . 

Pi° 

The activity coefficient, y if remains as an empirically derived parameter 
in which is absorbed all deviation from direct equality between a L and 
Nj. If y i is unity, the component is said to behave ideally; if y { is a 
constant other than unity for some range of N; values bounded by 
zero, the component is said to obey Henry's Law for the range. For a 
component at temperatures above its normal boiling point, the activity, 
a,-, is numerically equal to its partial pressure expressed in atmospheres 

22 See any textbook on chemical thermodynamics. 
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It is thus obvious a priori that, with some knowledge of likely gas 
partial pressures in tube envelopes and with tabulated AF° values for 
reactions in which they participate, one can calculate the activities of 
some impurity species produced in the cathode coating from reasonable 
activity values assumed for all other participants of the reaction. In 
lieu of better information, one may assume ideal solution behavior and 
tentatively take activities as equal to concentrations. The impurity 
conditions resulting from a number of such reactions have been com- 
puted and the results assembled as Table III. 

The emphasis in Table III is on reactions between gases and species 
present in solution. This representative tabulation largely supplements 
those given by White 23 and Rittner. 24 One or more of the following 
categories of conditions is covered by the data for the reactions in 
Table III: 

a. The product of interest generated as a solute at a very low 
activity value such as 10 - ,J (mole fraction) dissolved in one of the 
other participants such as BaO(s), the other participants being essen- 
tially pure phases having essentially unit activities except the residual 
gases whose required equilibrium pressures are computed. 

b. The product of interest and the alkaline earth metal or reducing 
agent each dissolved and having a low activity (10-°, 10 _12 , and so 
forth) in some other solid participant or even in some other inert 
solvent such as BaO or the nickel support metal, the required equilib- 
rium pressure of the gas being computed. In some cases, likely solid 
reactant activities are assumed and product activities are derived. 

The activity value of 10^ ,; was selected because roughly this mole 
fraction of electron donor centers is required to account for the elec- 
trical properties of cathode coatings.- 5 As a first approximation, activi- 
ties may often be considered equivalent to mole fractions for solid 
alloy solutions- 6 and salt solutions 27 at mole fractions below .01. The 
measurements of Timmer 14 on Ba dissolved in BaO indicate that the 
activity of Ba at a mole fraction of 10 - (J is essentially equal to its 
mole fraction. 



23 Addison H. White, "Applications of Thermodynamics to Chemical 
Problems Involving the Oxide Cathode," Jour, Applied Phys., Vol. 20, pp. 
856-860, September, 1049. 

24 E. S. Rittner, "A Theoretical Study of the Chemistry of the Oxide 
Cathode," Philips Res. Reports, Vol. 8, pp. 184-238, June, ±953. 

25 L. S. Nergaard, "Studies of the Oxide Cathode," RCA Review, Vol. 
XIII, pp. 464-545, December, 1952. 

20 Carl Wagner, Thermodynamics of Alloys, Addison Wesley Press, 
Inc., Cambridge, Massachusetts, 1952, p. 22. 

27 L, S. Darken and R. W. Gurry, Physical Chemistry of Metals, 
McGraw-Hill Book Co., Inc., N. Y., 1953, p. 281. 
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For the moment we shall omit consideration of the halides and 
sulfides. With these omissions, three general conclusions are apparent 
from this table of representative reactions: 

a. Several substitutional solute anionic species can probably be 
formed to the extent of mole fractions of 10 ~ 6 in the cathode coating 
from reactions between alkaline earth metals or other strong reducing 
agents and the most abundant residual gas species present at the low 
partial pressures found in vacuum tubes. These include C 2 =, N=, CN~, 
and perhaps H . However, these impurity mole fractions form only 
if the activities of the metals or reducing agents are within an order 
of magnitude or so of unity. For the alkaline earth metals, this implies 
a vapor pressure of the metals in solution in the oxide host near that 
of the pure metals. For Ba at 1000°K, this would be about 10" 1 milli- 
meter of mercury. Such conditions probably do not long prevail in 
vacuum tubes even during cathode activation. 

b. The alkaline earth oxides are far more stable than these likely 
impurity salts. Thus, in the absence of substantial activity values of 
strong reducing agents in the coating, oxygen (from residual gases 
0 2 , COo, CO, H 2 0) successfully competes for anion sites and eliminates 
the substitutional type of impurity practically completely. This is 
clearly shown by the calculation for reaction No. 5 of Table III which 
indicates that partial pressure ratios of 

^10-26 

would diminish nitride impurity concentration (if previously formed) 
to values below 10~° mole fraction. The generation of more reactive 
gas fragments by cracking of gas molecules on the hot cathode does 
not appreciably alter this situation. 

c. In contrast to the substitutional type of impurity anion, oxygen- 
containing anionic impurities such as 0 2 =, OH~, C0 3 = which are 
formed by addition of some atom or groups of atoms to the oxide ion 
are not subject to displacement by oxygen. The oxide constitutes a 
suitable sponge for condensation of these species. Under moderate 
partial pressures of the gaseous dissociation products of these impurity 
sites, impurity mole fractions of 10-° are easily realizable. 

From these conclusions, it is apparent that only the addition-type 
oxygen-containing impurity anions in cathode coatings need be con- 
sidered when attempting to explain the action of the most prominent 
residual gases in vacuum tubes, namely H 2 0, CO, H 2 , C0 2 , N 2 , 0 2 . 
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Because of considerations now to be stated, little or no significance 
is attached to the probability that halide and sulfide impurities may 
also be present in cathode coatings. From thermochemical data, it is 
apparent that barium fluoride, barium chloride, and barium bromide 
are about equally resistant to conversion to barium oxide by reaction 
with HoO. In a vacuum tube, this is the most likely chemical reaction 
by which halides can be eliminated from the coating. The elimination 
of sulfide probably proceeds about equally unfavorably by reaction with 
0 2 - Entry numbers 14 and 16 in Table III give representative thermo- 
chemical data pertinent to these reactions. From these entries, it is 
apparent that small CI" and S= impurity concentrations can exist in 
BaO under very small partial pressure ratios, Puci/PiioO anc * Vs 2 /Vq 2 > 
respectively. 

Experimental evidence bearing on the halide and sulfide situation 
is the following: 

(a) Chloride negative ions were ejected electrolytically from cath- 
odes operated at normal temperatures in the mass spectrometer. The 
ejection of sulfide negative ions has been found by others. 

(b) BaCl (fragment of BaCl.) was detected in the mass spectrum 
of materials evaporating from cathodes during the early hours of 
cathode life. BaCL is rather volatile, having a vapor pressure 28 in 
pure condition of about 3 X 10^ 7 millimeter of mercury at 1000°K. 

(c) From the mass spectrometer experiments, we expect that 
sulfur- and halogen-containing residual gases would be present in 
normal tubes at partial pressures smaller by several orders of mag- 
nitude than those of H.O, CO, H 2 , 0 2 , and CO.. 

(d) Pulse emission 29 (at 888° K) was reduced by about GO per 
cent in normally processed double alkaline earth cathodes by the 
deliberate addition of any of the four barium halides to the carbonate 
spray. (The per cent emission decay during 0.3-second pulses was not 
changed by the addition of halides.) Because this 60 per cent decrease 
in emission can be attributed to a work function increase of only 
about 5 per cent, it is concluded that cathodes in normal tubes are 
not particularly sensitive to the presence of barium halides. Experi- 
ments performed by R. M. Matheson in this laboratory indicate that 
the effects on emission produced by sulfur vapor pressures of the order 
of 10" s millimeter of mercury are similarly slight, but that the effects 

28 L. L. Quill, The Chemistry and Metallurgy of Miscellaneous Materials, 
McGraw-Hill Book Co., New York, 1950, p. 209. 

29 Unpublished emission tests performed by C. P. Haclley and colleagues 
of the RCA Tube Division, Lancaster, Pa. 
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produced by impurities in the sulfur are large and vary from beneficial 
to deleterious. 

Because of these circumstances, we choose to ignore the presence 
of halide and sulfide impurities in cathode coatings while searching at 
the present level of confusion for an explanation of cathode perform- 
ance in the presence of residual gases and an explanation of cathode 
behavior generally. 

Conclusions 

1. In BaO maintained at 1000°K, small impurity concentrations of 
add'tion-type anions exist in labile equilibrium with molecular species 
ordinarily present in vacuum systems at partial pressures of 10 _0 to 
10" 10 millimeter of mercury. 

2. Instantaneous partial pressures shown by the dissociation prod- 
ucts of these impurities depend on previous history of the oxide 
including temperature of the oxide, electron emission duty cycle, 
electric field across the oxide, and exposure to gases in the vacuum 
system. 

3. Time constants measured for changes produced in these partial 
pressures by changes in field across the oxide ranged from the order 
of tenths of a second to 45 minutes. 

4. Thermochemical considerations dictate that impurity equilib- 
rium concentrations which are large enough to affect electrical prop- 
erties of the oxide and which are likely to be formed by reactions of 
the oxide with residual gases consist mainly of addition-type anions 
containing oxygen rather than substitution-type ions not containing 
oxygen. 
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THE ELECTRON DONOR CENTERS IN THE 
OXIDE CATHODE 



By 

R. H. Plumlee 

RCA Laboratories, 
Princeton, X. J . 

Summary — The electronic chemical potential serves as the basis of a 
new interpretation of the chemistry of the oxide cathode in particular and 
of electronically active solids in general. Any procedure which raises the 
Fermi level of a material increases the electronic chemical potential of 
the material and corresponds chemically to making the material a stronger 
reducing agent. This principle allows disposal of several fundamental 
irregularities in earlier interpretations of cathode chemistry through which 
the F-centers, presumed to be formed from "excess barium 1 ' and oxygen 
vacancies, have been previously identified as the electron donors. On the 
basis of recent literature it is concluded that the F -center model is not valid. 
With due regard to thermochemical and other physical properties deduced 
for the donor centers in the oxide cathode, and toith due regard to the 
electrical properties of the donor centers as prescribed by the mobile donor 
theory, it is proposed to identify an impurity group, (OH~»e), as the 
important electron donor center species in the oxide cathode. A detailed 
discussion is given of arguments leading to this model. 

The Electronic Chemical Potential 

IT IS seldom recalled, in considering the chemistry of the oxide 
cathode, that the chemical potential of the electrons, /x ( ,(s), in any 
material is determined solely by the Fermi level of the material 
and is given by the relationship 1 * 

fx e (s) = — tp, (1) 

in which cp is the total work function. 2 The chemical activity, a t .(s), 
of the electrons in the solid is given by the expressions 

{ie (s) =kTh\a l Xs) (2) 

a r (s) =e-*' kT . (2a) 

At equilibrium, the activity of the electrons in the solid is equal to 



* All numbered references are listed at the end of the paper, 
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the activity of the electrons in the electron gas, a e (g). The latter is 
an absolute quantity given by the expression 

h s n e (g) 
a>e(9) =n 6 (g) ■ — (3) 
2(27rm e fcT)3/- > A T C 

in which n e (g) is the number of electrons per cubic centimeter, N c is 
the density of states available to free electrons, and the other symbols 
have their usual significance. 

Conversion of the absolute electronic activity, a e (g), to the con- 
ventionally used thermochemical activity, 3 a e (thermo.), can be made 
by the equation 

N c 

a e (thermo.) ~ a e (g) , (3a) 

in which JVj is the number of electron gas particles per cubic centi- 
meter at one atmosphere pressure, the conventional thermochemical 
reference state. For the low pressures under consideration, degeneracy 
effects and electrostatic field effects will be ignored and partial pres- 
sures expressed in atmospheres will be taken as synonomous with 
activity values. When a dissolved species is in equilibrium with its 
vapor phase, the activity is the same for the two phases, and the 
activity of the species in the vapor phase measures directly the activity 
of the species in the solid phase. For ideal solutions, the activity of 
the species is also equal to its mole fraction. 

It is seen that the absolute concentration of "gas-like" electrons 
in a solid is diminished from N c by the factor e~v /kT and that the 
conventional thermochemical activity of the electrons is given by 

a c (thermo.) = —e-*"< T . (3b) 

This thermochemical electronic activity has the same status and 
significance as the thermochemical activity of any other chemical 
species and could be used in equilibrium calculations for reactions in 
which electrons appear as reactants or products, that is, in oxidation- 
reduction reactions, if appropriate free energy values and work func- 
tion values were known so that the electronic activities of the materials 
participating in the reactions could be computed. 

Thus, according to statistical thermodynamics, the activity of 
electrons in ordinary chemical reactions as well as in the thermionic 
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emission phenomenon is determined solely by the work function of the 
material. In terms of common chemical procedure, this means that 
the process of converting an inactive cathode made of any material 
whatever into a better electron emitter (having* a lower work function) 
makes it into a stronger chemical reducing agent. 4 The cathode "acti- 
vation" process is necessarily a chemical reduction process. This gen- 
eral approach suggests another obvious fact — that the mechanism 
by which the electrons are attached to the material is thermodynami- 
cally unimportant. 

Also, according to statistical thermodynamics, thermionic emission 
constitutes an absolute measure of the electronic chemical potential. 
By contrast, in ordinary chemical thermodynamics, the chemical poten- 
tials of most other substances are defined on a relative scale, hence 
only relative values of chemical potentials are determined by observing 
reactions of one substance with others. Therefore, chemical reduction 
reactions of thermionic emitters with other arbitrarily selected sub- 
stances constitute only relative measures of the electronic chemical 
potential of the thermionic emitters. 

In short, a general principle is apparent from statistical thermo- 
dynamics — an elevation of the Fermi level is synonymous with an 
increase in the electronic chemical potential and is always accompanied 
by an increase in the reducing chemical potential of the material. 

Irregularities in Conventional Interpretations of 
Cathode Chemistry 

Upon considering the implications of the general principle evolved 
in the preceding section, one immediately notes that in the past the 
low work function phenomenon (in oxide cathodes and other low work 
function materials) has always (?) been pictured as due to the 
presence of specific chemical agents, e.g., barium or cesium, rather 
than due to the presence of a high electronic chemical potential in the 
coating. Although cathode makers have long been aware of the prac- 
tical importance of "reducing agents" to good oxide cathode perform- 
ance, they have usually considered these agents merely as implements 
which insured an adequate supply of "excess barium" rather than 
agents which in themselves established a certain level of electronic 
chemical potential. An unbiased mind, uninformed about the early 
experiments with films of cesium on tungsten and thorium on tungsten, 
and about the early F-center model of alkali halides, might have chosen 
to view the effect of reducing agents as a more general phenomenon 
than the generation of "excess barium" which lingered on or in the 
oxide coating, 
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One notes also that certain chemical properties of "excess barium" 
have remained constant for some thirty years while the barium was 
(1) adsorbed on the surface of the oxide, (2) dissolved as atoms in 
the oxide, (3) eolloidally dispersed in the oxide, or (4) distributed in 
the oxide as bona fide cations with electrons in oxygen vacancies. 
These chemical properties moreover have been assumed to be essen- 
tially those of barium metal. Concomitantly, the vapor pressure of 
such excess barium has always been several orders of magnitude lower 
than that which should be predicted from the measured vapor pressure 
of pure barium for ideal solution behavior of barium in the oxide 
coating. 

It is well known to physical chemists that solute vapor pressure 
constitutes an appropriate criterion of solute activity in the solution; 
hence any bonding forces which reduce solute vapor pressure below 
ideal solution behavior also reduce the chemical activity of the solute; 
therefore, it is not obvious that the "excess barium" in oxide cathodes 
which exerts an abnormally low vapor pressure should react chemically 
as barium atoms. Perhaps it should react more nearly as the Ba+ + 
ions of BaO if the electrons it donates to form the postulated F-centers 
are moderately well fastened to the oxygen vacancies. 

Recently a number of research studies have been reported which 
can be interpreted as showing the following: 

1. Solutions of barium in BaO prepared by exposing BaO single 
crystals 5 - 6 to barium vapor show roughly ideal solution behavior 7 at 
a solute barium mole fraction of 10 -0 and strong positive deviation 
from ideal behavior at a mole fraction of 10 _ii . This result is inde- 
pendent of the precise form of the dissolved barium, i.e., whether it 
is in the form of atoms or excess ions and F-centers. 

2. The vapor pressure of barium from active cathodes operated 
2,000 to 20,000 hours may be as low as 10 -12 millimeter of mercury. 8 
This vapor pressure corresponds to a mole fraction of solute barium 
of 10" 11 or 10 -12 , if the solution actually shows roughly ideal behavior. 
Such a barium concentration would be at least five orders of magnitude 
smaller than the concentration of electron donor centers (10~ n mole 
fraction) required 9 to account for the electrical properties of the 
coating. 

3. The concentration of "excess barium" determined chemically 10 " 12 
in many active oxide cathodes is one or two orders of magnitude larger 
than the required concentration of electron donors. 

4. There is practically no correlation 10 " 12 between electron emission 
and measured "excess barium" concentrations in cathodes whose ages 
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ranged from 0.5 to 56,000 hours. The range of concentrations found 
was 10 -6 to about 3 X 10~ 4 mole fraction. The sensitivity limit of the 
analytical method prevented measurements of concentrations below 
10 -,J , so it is not known whether a correlation exists at lower con- 
centrations. 

One possible interpretation of these apparently incompatible ex- 
perimental results is that the large "excess barium" content measured 
in commercial active cathodes made of mixed oxides is indeed real, 
that it is tightly bound and shows extreme negative deviations from 
ideal solution behavior as indicated by the low rate of barium vaporiza- 
tion from such cathodes. It might be argued that electron emission 
may be insensitive to an over-supply of donor centers because of 
internal space-charge effects or some other condition. In this inter- 
pretation, however, it must be postulated that solutions of barium in 
BaO single crystals are distinctly different from solutions of barium 
in the oxide cathode, that the solutions of barium in BaO happen to 
show roughly ideal or positive deviation behavior whereas solutions 
of barium in the oxide cathode at the same concentrations show ex- 
treme negative deviations. This, we think, is rather unlikely. 

Another possible interpretation, which will be developed here, fits 
the above experimental results together as mutually compatible parts 
of a consistent pattern of rather ordinary chemical behavior. This 
interpretation assumes that solutions of barium in BaO and of barium 
in the mixed oxides behave essentially alike and as indicated by the 
direct equilibrium vapor pressure measurements on barium in single 
crystals of BaO. If the solute barium behaves roughly ideally in both 
cases, it can be concluded from vapor pressure data for pure barium 
and from the BTL 13 measurements that in many practical active 
cathodes the concentration of solute barium does not exceed 10~ ]1 
mole fraction. (As mentioned previously, the Cornell 11 data indicate 
that the solute barium, no matter what its atomic or ionic form in 
BaO, exerts a vapor pressure roughly that of ideal solutions of barium 
atoms in BaO at a mole fraction of 10 _0 .) Therefore, in cathodes we 
conclude that the mole fraction of solute barium is far too low to be 
identifiable as the important electron donor center. This conclusion 
eliminates from consideration F-centers, barium atoms, oxygen vacan- 
cies with one electron, colloidal barium, surface monolayer barium, and 
perhaps other postulated forms of solute or occluded barium. Such 
species may be present at various times in the life of the cathode, but 
they can exist only transiently and or in very low concentrations in 
the absence of an equilibrium vapor pressure of barium atoms much 
larger than is commonly sustained in practical vacuum tubes. 
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When this interpretation is applied, two important questions remain 
to be answered: 

1. How does one account for the chemical analyses made in the 
past of "excess barium" contents in cathodes as high as 10~ 4 mole 
fraction if solute barium is actually present to the extent of only 10~ n 
or 10- 12 mole fraction? 

2. If solute barium and/or F-centers cannot be present in adequate 
concentrations, what constitutes the electron donor species? 

The fundamental relationship, stated earlier, between the work 
function and the electronic chemical potential provides directly a 
general answer to the first question and suggests clues useful in finding 
a plausible answer to the second question: 

1. This fundamental relationship tells us that it would be a coin- 
cidence indeed if the chemical tests of the past for "excess barium" 
constitute specific tests for the electron donor centers effective in the 
oxide cathode; any donor species in (almost) any coating compound 
which happened to have the same low work function would have shown 
the same positive test reaction (usually the reaction with H 2 0 to 
produce H 2 ). At present, the reducing chemical reactions of activated 
oxide cathodes are but uncalibrated relative measures of the electronic 
chemical potential and conceivably indicate the presence of a collection 
of reducing species dissolved in the cathodes. This collection almost 
certainly includes reducing impurity elements from the support metal 
in addition to any solute barium, colloidal barium, F-centers, and other 
donor species. Of all these reducing constituents, perhaps only one 
largely controls the electronic properties of the coating. A correlation 
between chemically measured "excess barium" content and electron 
emission behavior of a cathode should thus be viewed as a coincidence 
unlikely to occur and should not be viewed as a necessity. 

2. Our fundamental relationship, having thus disencumbered us 
of the "excess barium" hypothesis, encourages us to consider on its 
own merits any conceivable donor center species. The electronic 
chemical potential is satisfied with any identification irrespective of 
the chemical composition of the species. 

The Nature op Electron Donor Centers 

This analysis is based on the premise that the chemistry of elec- 
tronically active structures does not differ markedly from ordinary 
chemistry. This premise may be quite wrong; however, by assuming 
roughly ideal solution behavior, that the thermochemical activities of 
metallic and salt-like solute species are approximately equal to concen- 
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trations in extremely dilute solutions, and that the donor and acceptor 
species are rather ordinary reduced and oxidized forms of ordinary 
impurities, an intriguing view of cathode phenomena is obtained. It 
transfers a surprising variety of experience from the category of 
"mysterious" into "ordinary." This approach is not exactly novel— it 
borrows considerably from the ideas of Verwey and his colleagues. So 
far as is known, it has not previously been applied to the oxide cathode 
nor has it been so concretely and explicitly stated as it is here. 

A. Thermochemical Properties of Donor Centers 
L. Affinity for Electrons 

Regardless of the chemical identity or composition of the electron 
donor center, it is apparent that the energy difference between an 
electron in the conduction band and an electron attached to the im- 
purity center 15 helps determine the vapor pressure of barium from the 
oxide cathode coating. The greater the binding energy between the 
electrons and the impurity centers, the lower the vapor pressure of 
barium becomes from the oxide, approaching in the limit the barium 
vapor pressure value characteristic of the dissociation of intrinsic BaO. 
The contribution of this bonding to the free energy of vaporization 
of barium from the oxide can be described formally by the sum of the 
following reactions for the filled donor impurity, D f , forming from 
Ba+ + the empty impurity, D c , and a barium atom in solid solution: 

2D f (ss in BaO) = 2D e (ss in BaO) + 2c (conduction band) ; 

AF° 4 = &E° 4 — TAS° 4 . (4) 

2c (conduction band) + Ba++ (s in BaO) = Ba(*s in BaO) ; 

AF° 5 = A#°5 — TSS°r } . (5) 

These when added give 16 

2D f (ss in BaO) + Ba + + (s, BaO) =2D e (ss, BaO) + Ba(.s\s, BaO) ; 

AF° G ~ i\E° 4 4- A2?° 3 « (6) 

Assuming the D f , D c> and barium impurities form ideal solutions in 
BaO, one may write equations 17 for all three similar to the following 
for barium : 

Ba(ss,BaO) =Ba(s) ; AF\ = 0. (7) 
From thermochemical data, 18 



Ba(s) =Ba(fl) ; AF° S(100(rK) - 0.77 ev. 



(8) 
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The sum of Reactions (6), (7), and (8) is 

2D / (s*,BaO) + Ba++(s,BaO) = 2D e ($s, BaO) + Ba(#); 

A ^% ( iooo»K) 0.77 + AE° 4 + AE° 5 ev. (9) 

Here AE° 4 has a positive numerical value essentially equal (for 2 
electrons) to twice the activation energy (Fermi level distance below 
the conduction band) of one electron for the conduction process. For 
the condition in which practically all the impurity centers are filled, 
this activation energy is half the energy distance between conduction 
band and donor level; for the condition in which there are far more 
empty impurity centers than filled ones, this activation energy is equal 
to the entire distance between conduction band and donor level. From 
DeVore's measurements 18 of photoconductivity, taking the highest set 
of donor levels as 1.4 electron volts below the conduction band gives 
AE° 4 (for two electrons) 

2,8 ^ AE\ ^ 1.4 ev. 

A#° 5 has a negative numerical value corresponding to the recom- 
bination energy of a Ba++ ion and 2 electrons dissolved in BaO. For 
purposes of discussion, AE° 5 may be taken as 

Ux + h) 

= -1.2ev. 



by using the two ionization energies 20 of the barium atom / l5 7 2 , and 
by taking e — 3.5 as the effective high-frequency value 9 - 21 of the dielec- 
tric constant of BaO. 

It is seen then that the binding energy between the impurity centers 
and the electrons contributes to the free energy requirement for atomic 
vaporization of an equivalent concentration of Ba++ ions by the 
amount of 1.4 to 2.8 electron volts. The vapor pressure of this number 
of Ba++ ions (equal to half the number of D f impurity centers) differs 
then from that which the same number of dissolved Ba atoms would 
show (if they were present) because of their additional free energy 
of vaporization over that of Ba atoms. This additional free energy 
requirement is superficially estimatable as 

(AE° 4 + AE%) - 1.6 to 0.2 ev. 
Using Reaction (9) itself and the BTL measurements of barium 
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vaporization from cathodes, one can also estimate (AZ?% + A£° 5 ) 
directly. The vapor pressure, p° B a> °f pure barium at 1000°K is about 
10~ 4 atmospheres. 1813 For a 10~° mole fraction, Xo f , of donors exerting 
no binding toward the electrons, the barium vapor pressure in the 
cathode would be 

p B& = Xu f p° Ba — 10~ 10 atm., about 10 -7 mm. 

To depress this to the BTL measured value of 10" 1G atmosphere 
(~ 10 -12 mm.) corresponding to a Ba activity, <x Ba Vn a /P°v,* — 10 -n , 
the equilibrium constant K & for Reaction (9) must be 

A r 9 « 10~ n = a B& 

for the condition of the cathode in which an f — an ei i.e., roughly half 
the donor impurities full. From 7sT 9 , AF° 9(1000 . K) is computed and from 
this, 

(AE° 4 +AE%) 1.4 ev. 

As discussed later, the 10~ 12 mm. vapor pressure value for barium 
used above is probably an upper limit for the "donor destroying" 
barium vaporization so that this value of (AE° 4 + AZ£° 5 ) is a minimum 
value. 

2. Relationship to Reducing Agents in the Coating 

Disregarding any particular significance of the above numerical 
values, one sees from this thermochemical treatment that the vapor 
pressure of barium from the cathode should vary (a) with the donor 
level position, (b) with the donor center concentration and/or (c) 
with the extent to which the donor levels are filled with electrons. 
(Chemically speaking, donor centers have reduced and oxidized forms 
corresponding to their full and empty conditions, respectively.) 

It is also apparent that the activities (effective concentrations) of 
all the reduced forms of all the coating constituents rise with the Fermi 
level and vice versa. At thermal equilibrium, the most easily reduced 
ion in the coating will appear in highest activity though not neces- 
sarily in highest concentration 22 (because of likely deviations from 
ideal solution behavior). Under applied electric fields, thermal equi- 
librium relationships are perhaps so thoroughly disturbed that the 
reduced forms even of the most difficultly reduced constituents may 
appear at equal activities with those of the most easily reduced species. 
Under this circumstance, such factors as solubility of the reduced form, 
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rate of diffusion, and vapor pressure enter also to affect the steady- 
state activity values and concentrations. 

For want of a better rule of thumb, it may be said that dissolved 
atoms of the least easily reduced cationic constituent of the cathode 
constitute the most efficient reducing agent. A continuously supplied 
small activity of atoms of the least easily reduced cation supports at 
equilibrium a much larger activity of the reduced forms of the more 
easily reduced constituents. This is illustrated in the following re- 
actions : 

BaO(s) +Mg(/) r^Ba(Z) + MgO (s) ; AF° 1000 . K = - 16,450 calories. 

K w ^ 10 3 -°. (10) 28 

Assuming a reasonable activity of MgO, a MsO =^10" c , (it may 
conceivably go as high as 10 ~ 4 ) one finds 

- io 10 . 

BaO(.s) + Ni(s) = Ba(Z) +NiO(s); AF° 1000 . K = + 67,800 calories. 

^ooo-K~10-i*. (11) 

(a) Assuming a Xi0 — 10-°, 

10 

(b) Assuming a\> tn = 10~ n , as deduced from the BTL and Cornell data, 

- 10 -\ 

Hence, if here a Si — 10— 1 , then a Sl0 ~ 10~ 8 . We see that the 
oxidized form of even a very weak reducing agent such as nickel can 
be present in the oxide cathode coating if a large activity of the reduced 
form is present. 

Reaction (6) constitutes the critical reaction as far as general 
performance of the donor centers is concerned. If AF° G = AE°± + A#° 5 
is positive, a substantial portion of the impurity centers is normally 
filled with electrons (provided enough "reducing agent," Ba, is present) 
and the number n of electrons per cubic centimeter in the conduction 
band is given by the equation 24 
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n Nn f t N c * e =* r , 

in which N» f is the number of filled impurity centers per cubic centi- 
meter, A r ^ the density of available states, and E d the energy distance 
from the conduction band to the donor level. E d is, of course, also half 
the maximum value of the A£° 4 for Reactions (4) and (6). If 
±F°q = AE ,0 4 + A^° r> is a negative value, most of the donors are empty 
(although the same barium content assumed above may be present) and 

N Df 

n ~ — — N c e kT . 

Then n is small because Nn f /N» c is small and because of the loss of 
the factor 1/2 in the exponential term. This condition may correspond 
to the situation in thermionic emitters for which the "A constant" in 
the Fowler emission equation is small and should perhaps be expected 
in materials in which the donor levels are near the conduction band. 
This will be more easily appreciated after the discussion of variable- 
charge cationic electron donors. 

Because A#° 4 will always be positive and A £7°- will always be 
negative, it would seem desirable to have as the reducing agent in the 
coating the most easily ionized (most electropositive) atoms in order 
to keep a large fraction of high donor levels full. 

It is apparent further that the character of the reducing agent does 
not determine AE° 4 . Upon substituting in Reaction (5) the impurity 
reactants M++(ss in BaO) and M (ss in BaO) for Ba + + and Ba, 
respectively, M being any other metal used as a reducing agent, and 
writing A#° 51/ for A#° r> , it is apparent that the sum (A£7° 4 + A#°r lJf ) 
rather than the sum (AE 0 ^ + A£7° 5 ) may determine the degree of 
fullness of the donor impurity population. The functions of reducing 
agent and donor impurity are, in principle, clearly separable and hence 
can be performed by separate species or by the same species. In sys- 
tems in which both functions are performed by one species, the "reduc- 
ing agent" becomes the most important donor impurity, either because 
of its concentration or its small ionization energy. This condition is 
exemplified in the highly purified covalent Group IV transistor mate- 
rials, and until the present has also been believed to exis % t in the oxide 
cathode. 

For the general situation illustrated by the Reactions (4) through 
(10), the donor impurity alone determines the donor level position 
(value of A/?° 4 ). The precedent for considering level positions as 
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characteristic of particular impurities which are not reducing agents 
is found in phosphor work. In contrast to cathode work, phosphor 
work has ignored the intrinsic relationship of "excess metal" and the 
relationship of the state of reduction or oxidation of the material to 
its performance. 

Because the reducing agent merely keeps the donors filled, and 
because even the most improbable reaction occurs to some extent, a 
given activity of any "reducing" agent can produce a certain ratio 
of filled to unfilled donor impurities (the empty impurity species having 
already been incorporated). The weaker the reducing agent, the larger 
the activity required to maintain a given fraction of filled donor 
impurities. 

In some instances it is certain that the incorporation of these 
impurities or the manufacturing of these impurities in the host crystal 
may also result from chemical reduction reactions, so that the processes 
of manufacturing impurities and filling them with electrons may pro- 
ceed together. 

Reaction (6) also shows the usefulness of solubility of the reducing 
agent in the host crystal. As deduced from the BTL measurements 
and the ideal solution assumption about Ba in BaO, it is seen that the 
solubility required of Ba as the reducing agent is rather small — about 
10~ u mole fraction of barium atoms. However, if one employs some 
other reducing element, so that the value of (AE 0 4 + A£ f ° nv ) becomes 
negative, then a larger activity of the reducing agent is required to 
keep the donor levels reasonably filled. In this case, solubility limita- 
tions can become critical. It would seem worth-while for the reducing 
element to have an atomic radius not much larger than that of the 
cation of the host crystal and an ionic radius not much smaller than 
that of the host cation. 

The mode of solution of base metal constituents such as iron in the 
AEO 25 cathode might well be considered at this point. 

The disproportionation reaction 20 of FeO, and of other similar 
oxides of variable charge elements, 

1 1 

FeO (s) = - Fe (s) + Fe.,0, (s) ; Iog ln A~ in0 n°K - - 0.6, (12) 
3 3 

neatly satisfies the charge-balance condition when these solute metal 
atoms are incorporated in the AFO cathode coating. Since charge 
balance is automatically maintained by the formation of 2Fe+ + + and 
3 0= ions and roughly one FeO molecule for every iron atom incorpo- 
rated, no vacancies need be formed. It is not known what the solubility 
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limit of these species is in BaO nor how their presence affects the 
electronic behavior of the cathode — presumably Fe and Fe+ + can 
act as donors. The Fe+ + + ions, though in principle capable of being 
ionized further, require a still larger ionization energy and contribute 
a negligibly small number of conduction electrons. Most base metals 
contain at least 10~ 4 mole fraction of Fe impurity, hence the Fe 
activity maintained in or around the cathode by the base metal will 
usually be of the order of 10 ~ 4 or larger. Cathode carbonate sprays 
also contain iron salts approaching 10 ~ 4 mole fraction. 

Figure 1 illustrates a general type of energy level model helpful 
in considering the behavior of complex impurity systems in ionic 
solids. (The iron impurity system in BaO is chosen for this rough 
qualitative treatment because most of the species involved are familiar 
ones for which thermochemical data are available.) In Figure 1A, the 
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Fig. 1 — Relative ionization energies and equilibrium concentrations for a 
solution of ~ 0.01 mole per cent of iron atoms in BaO. 



vertical distances downward from the conduction band represent, very 
arbitrarily, 27 the energy required to remove one electron each from 
the species, Ba + , Fe, Fe + + , Fe+++, 0=, and to place that electron 
in the conduction band. The approximate concentrations given in 
Figure IB are derived by assuming ideal solution behavior for all 
species, assuming an Fe activity of 10 ^ 4 supplied by the base metal, 
and computing the Fe++ and Fe+++ concentrations from the equi- 
librium constant for the disproportionation reaction. 28 

For incorporating other reducing elements which cannot form 
cations showing more than one appropriate state of oxidation, charge- 
balance considerations indicate that some sort of pseudo-separation 
of metal phase, M, is required in general. If solute metal atoms such 
as magnesium are to be dissolved in a BaO crystal whose sites are 
(almost) all occupied by some ionic species and are to be dissolved 
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without creating vacant sites containing no ions or atoms, then they 
must occupy both anionic and cationic sites. It is only a matter of 
degree as to how many such sites agglomerate to form an incipient 
metal phase. Since these are moderate or strong reducing elements 
with which we are concerned, the activity ratio a M + + /% will ordi- 
narily be considerably larger than unity in the absence of other 
stronger reducing agents; hence the incipient metal phase (M) will 
ordinarily be interspersed and bounded with metal oxide (MO) and 
BaO so that very little bare metal (M) will be exposed to the vacuum. 

Such agglomerated impurities may be required to accommodate the 
high reducing agent contents (even exceeding 10 -4 mole fraction in 
some cathodes) measured by the BTL group. The BTL analyses of 
coatings dropped or scraped from Konal-base cathodes indicate re- 
ducing element contents only slightly less than 10~ 4 mole fraction in 
the detached coatings, so there is little doubt that reducing element 
contents of the order of 10" 4 mole fraction exist in or on the oxide 
coatings themselves. 

In principle, the strongly electropositive elements used as reducing 
agents should place the Fermi level higher than should less electro- 
positive elements; however, in practice a better result is obtained with 
the less electropositive reducing elements because of solubility and 
volatility limitations. In addition, if in some way a large activity of 
very strong reducing element is maintained, it may chew away both 
the host compound and donor compound at an excessive rate. Thermo- 
chemically, a small activity of a strong reducing element may be no 
more effective in keeping donors filled than a large activity of weaker 
reducing elements. 

The suggestion that metals other than barium may be responsible 
for the chemically measured electronic activity of the coating may 
seem absurd until one fully appreciates the fact that reducing agents 
have always been added to the base metal for the purpose of raising 
the electronic activity, although the purpose has usually been stated 
in terms of production of barium. 

It is thus to be expected that the chemically measured electronic 
activity of the coating, i.e., the measured "excess barium" content, 
should correspond more nearly to the steady-state total concentrations 
of all the reducing elements present than to the steady-state concen- 
tration of barium produced from them. As shown with Reactions (10) 
and (11), strong reducing elements such as magnesium (and also 
aluminum, titanium, and silicon) may be present in lower thermal 
equilibrium concentrations than the barium ; however, along with 
these will be substantial incidental concentrations of weaker reducing 
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agents (less electropositive atoms) such as iron, manganese, chromium, 
carbon, cobalt, nickel, and so forth. As pointed out by the BTL group, 
several of these react slowly in bulk with H 2 0 at room temperature 
to produce H 2 . In highly dispersed form, iron, manganese, and 
chromium would react readily with H 2 0 to form H 2 . (C in BaO could 
give BaC0 3 and H 2 .) Roughly the same activities (effective concen- 
trations) of elements such as iron, manganese, chromium, and carbon 
present in the base metal should be maintained in the oxide coating 
as in the base metal itself by simple vapor phase transport and/or by 
diffusion; hence these elements very likely constitute practically all 
the "excess barium'' content of cathode coatings. 

Being reduced forms themselves, these atoms are overtly identifi- 
able as donor species; however, the (solute) concentrations of strongly 
electropositive elements such as barium which per se might constitute 
high donor levels are certainly too small (because of the vapor pres- 
sures of these elements) to contribute significantly to the electrical 
properties of the cathode. On the other hand, those elements present 
at substantial activities are less easily ionized and perhaps contribute 
donor levels lying in a useful range below the conduction band. 

Whether atoms such as iron, aluminum, magnesium, silicon, etc. are 
actually soluble enough in the oxide coating to contribute to the 
important donor population can be surmised only from the prima-facie 
evidence contained in the BTL measurements of "excess barium" 
contents of cathodes. Perhaps these elements are actually largely 
present as a colloidally dispersed metal phase which does not participate 
directly as donor material but which dissolves gradually to balance 
the loss of donor cations (e.g., M + , M + + ) incurred through coating 
electrolysis and through oxidation by residual gases. 

These elements, if present as a colloidal phase, can certainly exert 
an electronic chemical potential high enough to register as reducing 
agents in the H 2 0 reaction without necessarily being able to act as 
electron donors. Perhaps, as a colloidal phase, they can also exert an 
electronic chemical potential high enough to fill the important donor 
species of the coating with electrons though they are not homogene- 
ously distributed as atoms throughout the oxide. This conceivably 
occurs by operation of the mass action principle illustrated earlier 
for the Mg, BaO system. 

We have now shown on the basis of fundamental theory and on the 
basis of common chemical behavior that chemical analyses made in 
the past of the "excess barium" content of cathodes should not be 
considered valid indicators of the concentration of the electrically 
important donor center species. The chemically measured "excess 
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barium" content of cathode coatings should be comprised of (a) donor- 
type species some of which are electrically important, some of which 
are not and (b) solute metal atoms at roughly the same concentrations 
(within limits allowed by vapor pressures and solubilities) as in the 
base metal of the cathode. 

This interpretation can account quantitatively for the 10~ 6 to 10~ 4 
mole fraction "excess barium" contents measured by the BTL group 10 - 12 
for all their test cathodes except those on their purest platinum base 
metal for which the only impurity detectable was < 0.03 per cent 
weight of copper. (From their table of analyses we assume they could 
have detected 0.001 per cent by weight of magnesium, silicon, iron, 
manganese, and so forth, had such been present in that extremely pure 
platinum.) 

We have not been able to deduce from the BTL papers a thoroughly 
satisfactory explanation of the "excess barium" contents for the 
cathodes on that ultra-pure platinum; however, we find room for belief 
that a simple explanation exists which does not require solute barium 
per se to be present at mole fractions larger than 10- 10 in these 
cathodes either. The most likely cause of the rather uniform median 
reducing agent contents found in all their different classes of cathodes 
is that of contamination from the other electrodes. This is discussed 
in detail in the Appendix. 

3. Si ability in Vacuum 

The impurity constituent which constitutes the donor center, in 
addition to preventing dissociation of the oxide coating by virtue of 
its affinity for electrons, must itself be stable at 1000 °K under high- 
vacuum conditions. 

Assuming the impurity center is some cationic constituent, the 
stability requirement implies (1) low volatility, (2) resistance against 
oxidation by residual gases which would create the empty (oxidized) 
form of the impurity, and (3) resistance to the disproportionate 
reaction which would also consume the donor form of the impurity. 
This will subsequently be considered in more detail. 

Assuming the impurity center is some anionic constituent, the sta- 
bility requirement implies (1) low volatility and/or low dissociation 
pressure, (2) resistance against displacement by oxygen from the 
oxygen-containing residual gases, and (3) stability against dispropor- 
tionation. This last is relatively unimportant for anionic donors. The 
second requirement is critical for, as shown in the preceding paper, 
only halide, sulfide, and addition-type oxygen containing anions such 
as OH™, C0 3 =-, 0 2 ~, HC0 2 ", and so forth, are stable against displace- 
ment by oxygen under likely vacuum conditions. Evidence for the 
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presence of such oxygen-containing impurity anions in BaO was found 
mass spectrometrically 29 by studying the electrolysis of cathode coat- 
ings during the drawing of electron current. The dissociation pressure 
of the anionic impurity must be low enough that equilibrium partial 
pressures of its gaseous reaction products may either be tolerated by 
the vacuum tube or provided by the vacuum tube. 

In summary, a thermochemical analysis has shown a previously not 
generally realized fact — that the donor centers effective in the oxide 
cathode are required to have a substantial electron affinity. Without 
such electron affinity they would become empty irreversibly at a rate 
equal to the vaporization rate of barium from an ideal solution of 
barium of the same concentration in the oxide. 

In addition, the analysis distinguishes two phenomena previously 
considered as only one: 

(a) the presence of impurity centers which, if filled with electrons, 
define the donor level position ; 

(b) the presence of reducing chemical potential which determines 
the degree of fullness of the donor impurity population. 

The impurity center is pictured as containing, in general, an ordi- 
nary ionic part whose character can be described in ordinary chemical 
terms and whose reactions can be controlled by ordinary chemical 
methods. In the empty (oxidized) condition of the center, this ionic 
part may be practically indistinguishable from an electron trap, re- 
combination center, or from a special type of acceptor center. In the 
filled (reduced) condition, the impurity center is an electron donor and 
contains the ionic part described above and a detachable electronic 
part. The two together also constitute in general a second ordinary 
ionic species. 30 The chemical characteristics of the impurity center 
when functioning as a ready electron donor and those which it shows 
when functioning as a ready electron acceptor or recombination center 
are presumed to be roughly the same as those which the two same ionic 
species should show as ideal solutes in an "inert" solvent. 

B. The Mobility of Donor Centers 

The prime characteristic of the ionic part of the electron donor 
species in oxide cathodes aside from its thermochemical characteristics 
is that of moderate mobility. The necessity of this property has been 
thoroughly analyzed by Nergaard in formulating the mobile donor 
hypothesis. 9 The high mobility expected of F-centers has been one 
of their most attractive features. Up to the present, only vacancy and 
interstitial diffusion mechanisms were considered likely to give the 
donors sufficient mobility to explain the electrical phenomena of 
cathodes. As of the present, pulse-emission measurements 31 indicate 
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that the diffusion constant of the donor centers at 1000°K is about 
5.9 X 10 -G cm 2 sec -1 and that the activation energy for diffusion is 
about 0.43 electron volt. 

C. Variable-Charge Cationic Electron Donors 

In the past 20 years a considerable volume of literature 32-38 has 
evolved describing the use of "variable-charge cations" as electron 
donor or acceptor species in materials which, in the absence of such 
species, would be classed as insulators. We define the term "variable 
charge" donor to encompass generally the principles and ideas de- 
scribed by Verwey and colleagues as the "controlled valency" method 
of synthesis and the phenomenon described by Selwood 36,37 as "valence 
inductivity." 

As shown by Verwey and colleagues, if an impurity cation, I c {n + + , 
having a more positive charge than the host cation, H c {n) + , is sub- 
stituted in a crystal for a host cation under reducing conditions, an 
appropriate number of extra electrons is also added to the crystal to 
preserve charge balance. (The same principle also presumably applies 
to impurity anions, I a in - 31 — , substituted for more negative host 
anions, H a {n) ~ t and this will be discussed subsequently.) 

The site of the more positive substituent ion constitutes a position 
which has a smaller negative charge density than it should have when 
compared with the remaining host cation sites and hence constitutes 
a potential well for one of the charge-balancing electrons added in 
synthesis. The charge-balancing electron, whether it becomes affixed 
to the valence shell 39 of the substituent ion or not, spends more time in 
the vicinity of the substituent than in the vicinity of other ions. If 
these charge-balancing electrons are attached loosely enough to the 
substituent so that they can become dissociated occasionally by thermal 
excitation into the conduction band, the impurity center can act as 
an electron donor for the n-type conduction process. 

If an impurity cation, I c (n + n + , of more positive charge than the 
host cation, H c (n) + , is substituted for a host cation under oxidizing 
conditions, too few charge balancing electrons can be captured by the 
crystal. In this case, an appropriate number of anions is added to 
the crystal so that cation vacancies are formed to compensate the 
extra positive charge contributed by the substituent cations. 

If an impurity cation, V n - 1} + » of less positive charge than the 
host cation, H r (n, + , is substituted for the host cation under oxidizing 
conditions, some H c (n) + ion may be induced to part with still another 
electron and, therefore, to act as an # c (n + 11 + ion. Alternatively, an 
appropriate number of anion vacancies may form to compensate the 
deficit in cation charge produced by introduction of / c < tt — 1J + into 
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the crystal. In the former case, the # c (n + 1) + ion has an apparent 
deficit of electrons compared with other host ion sites. This, too, is 
a potential well for an electron, but the most likely source of an 
electron is an adjacent host anion, H c {n) - or nearby host cation # c (n) + ; 
hence the electron must come from the full band of the crystal. This 
arrangement provides a p-type conduction mechanism. 

If, under the appropriate circumstances described, cation or anion 
vacancies are formed, the crystal may show ionic conductivity because 
of the easy diffusion mechanism associated with the presence of 
vacancies. Little or no electronic conductivity may occur in these 
circumstances unless one of the other charge-compensating mechanisms 
described is also present. 

Verwey and associates have relied somewhat on the premise that 
solids strenuously try to avoid vacancy formation 32 and that usually 
the crystal sites are all filled with ions. Our measurements of the 
electrolysis products of the oxide cathode at high temperature in high 
vacuum appear to corroborate the opinion that a more stable condition 
exists if the sites are filled with some convenient ionic species than if 
they are empty or if filled with electrons only. This is associated 
somewhat with the fact that at 1000 °K, the partial molar free energy 
of formation of an ideal solution in which the mole fraction is 10 ~° 
is equal to AF t = RT In a- t = 4575 log 10-°=- -27,000 calories. Such 
considerations suggest that crystals exposed to a reducing environment 
contain metal atoms in the cation vacancies created because of charge 
compensation requirements of the variable charge cationic impurity 
systems incorporated. 

The general phenomenon of an ion functioning with two or more 
apparent states of oxidation in the same compound will, for this dis- 
cussion be referred to as "variable-charge'* performance. It connotes 
the situation in which an ion 40 in the crystal may appear formally to 
have one, or perhaps several, electrons more or less during part of 
the time than do similar elements in other equivalent sites in the 
crystal. 

The conductivity of CaO has been shown 41 to be variable from 
n-type to p-type by such adjustment of substituent content and control 
of the external atmosphere. Hauffe and Tranckler have suggested 41 
the addition of La+ + + to oxide cathodes to counteract the effect on 
conductivity of the unavoidable presence of alkali metal ions and to 
increase the cation vacancy concentration. 

The contribution of Selwood's "valence inductivity" concept 36 to 
the donor incorporation problem is that it presents specific evidence 
of the importance of the solvent crystal as an environmental factor in 
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establishing bona fide states of valence 42 or oxidation. Selwood found 
that yAl 2 0 3 impregnated with Mn(N0 3 ) 2 and heated in air yielded 
over-growths of Mn 2 0 3 whereas Ti0 2 impregnated with Mn(N0 3 ) 2 
and similarly heated yielded Mn0 2 . If Mn(N0 3 ) 2 is heated alone 
under the same conditions, Mn0 2 is formed. This influence of substrate 
seems to be generally effective in determining the bona fide state of 
oxidation and co-ordination of transition elements, and presumably of 
other elements which can show two or more states of oxidation. These 
experiments give rise to the expectation that varying degrees of 
solvent influence on solute valence or ionic charge may be found and 
that added solute impurities may be "induced" to assume abnormal 
valence states in which they may function as donors or acceptors 
according to design. 

Do variable-charge elements occur as electron donors in the oxide 
cathode? This possibility certainly exists because of the traditional 
presence in cathode support metals of transition elements and others 
likely to be capable of acting as variable charge electron donors. 

One possible reason for not believing that the variable-charge 
elements constitute the most important electron donors in the oxide 
cathode is the fact that the ubiquitous nature of the likely metal im- 
purities in tube components makes it improbable that any one of them 
can be the source of such donors and can have escaped accidental 
discovery as such in the long experimental history of the oxide cathode. 
Cathode quality, on the whole, seems rather independent of the detailed 
impurity contents of base metals. One should remember, however, that 
such contents of elements conceivably capable of showing variable- 
charge donor performance have ranged from 10 ~ 5 mole fraction up- 
ward. From the results presented by the BTL group, it is very 
doubtful that any oxide cathode has ever been studied which was not 
contaminated by a mole fraction of at least 10~ c of such elements as 
iron, manganese, chromium, titanium, or others which might function 
as variable-charge donors. Because the donor concentration needs to 
be only of the order of 10- c mole fraction, it is apparent that we 
do not know how cathodes will perform when the effects of such im- 
purities are certainly negligible. 

A second possible reason for excluding the variable-charge elements 
from consideration as the most important electron donors in the oxide 
cathode is that the expected mobility of cationic donors in a full 
crystal would not allow sufficient donor migration to produce polariza- 
tion effects found in cathodes through studies of their electronic 
properties. Here again, however, loopholes exist. We know so little 
about metal solubilities in salts that we cannot be certain that cation 
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vacancy formation does not accompany cation donor incorporation. 
Cation vacancies may be necessary in the oxide crystal for charge 
balance if not enough metal atoms dissolve to fill the vacant cation 
sites (e.g., one Ba++ must be absent for every pair of empty donor 
impurity ions of the type M + + + ). Such an adverse atom solubility 
does not seem likely to this writer's chemical intuition ; however, 
experimental verification of some pertinent metal solubilities in BaO 
and SrO is needed. Another loophole also exists in the mobility argu- 
ment; coating polarization can be produced in a system of immobile 
donors and mobile electron acceptors. At least one species of mobile 
acceptors is conceivable which might diffuse moderately easily through 
an exchange reaction. This is the super-oxide ion which would ex- 
change with 0 and which would capture an electron to become the 
peroxide ion as described by the reactions 

0- 2 00 +0- (s) = 0= (*) + O-o (s) 
0-o (s) + e (ss) ~ O=o (s). 

On the whole, we prefer to suppose that variable-charge elements 
are important in the cathode but that they do not constitute the mobile 
donors responsible for pulse-emission decay and for related character- 
istics. We suppose that they do constitute donors whose ionization 
energies are substantially larger than that of the principal mobile 
donor. Such donors can be especially important in interface compounds 
found near the base metal and, in addition, may constitute a reservoir 
of chemically less reactive donors which is not so easily destroyed by 
residual gases as is the principal donor. These immobile donors may 
even contribute a substantial share of the d-c nonpolarizable part of 
the conductivity of the coating. 

It is apparent that the problem of synthesis of electron-emitting 
materials by the incorporation of variable-charge cation ic electron 
donors in a host crystal of low electron affinity is twofold: 

(a) To find an impurity system which places the levels usefully 
near the conduction band, 

(b) To maintain a durable favorable balance of M, M++, and 
M + + + concentrations without degrading the electron affinity of the 
host crystal through accumulation of excess impurity content. A 
mole fraction of 0.01 of any impurity seems likely to affect the electron 
affinity noticeably. 

/). Variable-Charge Anionic Electron Donors 

The variable-charge donor concept is presumed to be equally ap- 
plicable to cations and anions, though in practice its operation with 
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anions seems somewhat more limited. Verwey and Kroger 33 have 
shown the occurrence of effects exactly equivalent to variable charge 
in anions though they explain the effects as due to induced variable 
charge in the cations. For instance, they say that incorporation of 
CI" in ZnS induces an appropriate number of Zn + + ions to act as Zn+ 
ions which thereby preserve charge balance. The evidence for this 
is that the fluorescence is said to be the same 43 with Cl~ in ZnS as 
with Ga+ + + substituted for Zn + + in which latter case Zn+ + ions 
are assumed to be forced into the Zn+ form. 

The interpretation we prefer to use at this time is that alternative 
explanations compatible with the concept of variable charge "anions" 
are allowed in the ZnS case because of the possibilities for incorpora- 
tion of HS and halide impurities, and "interstitial" sulfur via poly- 
sulfide linkages, in ways commonly characteristic of covalent sulfur 
behavior. 

We feel free therefore to assume that, in typical more ionic 
systems such as BaO, substitution of CI - for 0 = in a reducing 
atmosphere would form (CI" • e) groups which proceed to function 
as variable charge anionic electron donors. 

The F-center with an electron in anion vacancy clearly constitutes 
the terminal member of the general class of variable charge anionic 
electron donors. If the host anions are singly charged, only one electron 
need be present in the anion vacancy for charge balance; however, 
association of a second electron with the vacancy has been postulated 
to occur and in the case of the alkali halides is called an F' center. 44 
For divalent anions, the charge analog of the F-center contains two 
electrons for site electro-neutrality. 

These two electrons are bound to a doubly charged "positive" site 
in the crystal; hence thermal excitation of one electron to the conduc- 
tion band might require roughly an energy 



2 ev., 



l rfe being the ionization energy of helium and e — 3.5, the dielectric 
constant of BaO. 

In contrast, any singly charged anion with associated charge- 
balancing electron in BaO would require a thermal excitation energy 
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l n being the ionization energy of a hydrogen atom. In principle, this 
is the better donor center. 

As shown in Reference (29), thermodynamics does not indicate 
that substitution of any anions other than halide, sulfide, or oxygen- 
containing addition-type anions in the AEO coatings can be stable 
against displacement by 0" through reaction with the residual gases 
of practical vacuum systems. This argument eliminates from con- 
sideration as donor centers such exotic species as N= and P= which 
might conceivably act as variable-charge anions when dissolved in 
the oxides and contribute electrons for conduction purposes. Similarly, 
deleterious or beneficial concentrations of species such as C=o and 
CN--e are ruled out. Tonic radii prohibit the use of P= 4 , SO= 4 -e 
and the like which might perhaps be postulated to operate as variable 
charge anions. 

It is apparent that any (X~.e) anionic group which is stable in 
the oxide coating might be feasible as a variable charge electron donor 
species. However, the expectation for most of these is that, since no 
vacancies need be present in the host crystal, diffusion and electrolysis 
of these centers would be rather small; hence most of these, though 
they may constitute donor centers if incorporated, cannot be construed 
as being the donor centers actually important in the conventional 
oxide cathode. 

One outstanding exception in this class of donor species is the one 
proposed earlier, the (OH-.e) group for which an easy diffusion 
mechanism exists. 

E. Properties of the OH' -e Donor Center 

By the process of elimination, the field of likely donor center candi- 
dates has been narrowed to 

(a) A relatively immobile variety, the variable-charge cationic 
transition element impurities, and 

(b) A mobile donor, the OH~.e species. 

Probably the transition element impurities do provide donors which 
are somewhat functional. There is little or no tangible evidence of 
their effects. Their apparent lack of mobility necessitates the simul- 
taneous presence of mobile donors to account for the factor of ten or 
one hundred discrepancy between initial electron pulse-current values 
and the d-c emission value. 

The only tangible experimental evidence we have for the existence 
of the (OH~-e) group is derived from the mass spectrometric study 45 
of field-dependent gas evolution from a BaO cathode. This consisted 
of the observation of 
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(a) Field-dependent H 2 evolution, 

(b) A complex field dependence of the H 2 0 residual pressure, 

(c) A complex but direct and immediate response of the electron 
current from the cathode to small changes in H 2 0 partial pressure 
(±5X 10-° mm.). 

To account for all these phenomena, particularly (b), we are rather 
driven to postulate that H 2 0 is consumed by the cathode and that 
fragments of H 2 0 are simultaneously ejected from the cathode. We 
are thus stimulated to consider both the likely chemical properties 
and the physical properties of the coating which are associated with 
these reactions. 

Most importantly, the OH~.e center is presumed to participate 
in rather conventional oxidation-reduction reactions. It is presumed 
to be formed by any or all of the following illustrative reactions: 

BaO(s) +iH 2 (g) = Ba++(s) + (OH-.e) (15) 

1 

BaO(s) + JHoO(g) = Ba++($) + (OH-.e) + — Oo(g) (16) 

4 

20H- (solid solution in BaO) + iCO (g) = (OH- . e) 

+ iC0 2 (g) + JH 2 0(g) (17) 

20H- (solid solution in BaO) + iH 2 (g) = (OH~-e) +H 2 0(g) (18) 

Ba (solid solution in BaO) + H 2 0(g) = Ba++(«) 

+ (OH-.e) + iH 2 . (19) 

The products of Reaction (19) are the same as might be presumed 
to form from a partial reaction between H 2 0 and excess barium or 
between H 2 0 and an F-center, to wit, 

2e (F-center in BaO) + H 2 0(g) = (OH-.e) +£H 2 (g). (20) 

Two presumed characteristic reactions of this center are the 
following: 

±JcT 

(OH-.e) = =OH-(s) +e (in conduction band) (21) 
0-(«) + (OH-.e) = (OH-.e) +0-(«), (22) 
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Reaction (22) describes the diffusion mechanism of the donor center 
which is presumed to occur via proton transfer. 

From the above reactions, it is apparent that the presence of water 
vapor might be beneficial or deleterious, depending upon the amount 
and upon the presence of certain other species. Too much H 2 0 would 
obviously create too many OH - sites and exceed the number of cation 
sites. At some point, the crystal structure of BaO would be converted 
into that of Ba(OH) 2 . 

It is apparent that this method of incorporation of hydroxide ions 
achieves the equivalent of variable charge in the anion sites of BaO 
without simultaneously creating lattice (cation) vacancies. The reac- 
tions written for the (OH~-e) centers emphasize the complexity of 
the behavior to be expected of them because of reactions with com- 
ponents of the water-gas equilibrium. They emphasize also the point 
that an analysis of cathode behavior in terms of very small partial 
pressures of any one of these species is likely to be futile. The indi- 
vidual and total reducing potentials of the atmosphere are important. 
At some point on the scale of donor center concentration, any particular 
atmosphere maintained by the environment of the cathode might be 
neutral in its effect on the cathode; for a higher initial center con- 
centration, that atmosphere would produce deactivation; for a lower 
concentration it would produce activation. 

Plausible reactions can be written for the (OH--e) centers which 
are overtly similar to those of free barium or F-centers in BaO (cf. 
Reaction (20) above with the reverse of Reaction (18)). 

The diffusion and mobility of (OH~-e) centers are expected to be 
high because the proton may jump to any of six adjacent 0= sites in 
the crystal and because the activation energy for proton transfer for 
such jumps is likely to be low. For proton transfer in H 2 0, from 
H 3 0+ molecule to H 2 0 molecule, the activation energy is less than 
0.25 electron volt. 46 A somewhat analogous process may thus be well 
suited to explain the high rate of diffusion estimated for the (ionized) 
donor migration in cathodes from pulse-emission decay measure- 
ments 31 (activation energy for diffusion, 0.43 electron volt; diffusion 
constant at 1000°K., D = 5.9 X 10~ 0 cm 2 sec" 1 ). 

Reactions (23), (24), (25), and (26) present some thermochemical 
relationships concerning the feasibility of the hydroxylated donor 
center : 

BaO(s) +H 2 0(g) = Ba (OH) , (s) ;AF° 1000 . K =- 6,000 calories. (23) 
For a mr - ^ 10-<\ p Ho0 ^ 5 X 10~ 14 atm. 
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Ba(s) + Ba(OH) 2 (s) = 2BaO(s) + H.,(g) ; 

A^°iooo°k - ~ 50,700 calories. (24) 

For a Ba = 10- 12 and a ou _ ^ 10 ~ c , p 1[2 ^ 10" 13 atm. 

Ba(.s) +Ba(OH) a (s) = 2Ba++00 +2(OH~'c) («) ; 

AF° 1000 . K = TP calories. (25) 

One can estimate TT 7 by assuming a reasonable value for a Ba and neces- 
sary values for a 01£ — and a uir - . c : 

for a na = 10- 12 and a OII - = a 0H - . c = 10 IF = - 55,000 calories. 

2BaO00 + H a (g) = 2Ba+ + («) + 2 (OH- • e) (s) ; 

^°iooo-k = 50,700 + W = - 4,300 calories. (26) 

For a ou - . e ^ 10~ 6 , p U2 ^ 10~ 13 atm. 

Reaction (25) is seen to be the (reverse) analog of the general 
Reaction (6) for which the affinity of donor centers for Ba+ + was 
computed. It is recalled that 

- AF\ = — (A£7° 4 + A#° 5 ) — 2.1 ev = - 48,000 calories. 

We are requiring that Reaction (25) form donor centers with prac- 
tically the same degree of ease as the same reactants produce H 2 in 
Reaction (24). This amounts to the requirement that the Af° for the 
reaction between BaO and H 2 to form filled donors be roughly zero as 
found for Reaction (26). 

Actually the value of W strictly valid for Reactions (25) and (26) 
as written cannot be determined in the above fashion without using 
equilibrium data (which we do not have) for a "pure" system com- 
prised of BaO with only the solutes OH~-e, OH~, and Ba. Presumably 
all real cathodes contain relatively large concentrations of numerous 
solute metals in the range of 10 _(J to 10 -4 mole fraction. Charge 
balance requires that the concentration of OH - (or D e ) be equal to 
twice the total concentrations of cation vacancies and metal atoms. 
The apparent value of W derived in the above fashion (and also the 
AF° Q value) apply more to the poorly defined real cathode systems 
than to the "pure" systems described by Reactions (6), (25), and 
(26). This W is obviously dependent on the assumed OH - concentra- 
tion (D e concentration) which in turn is probably dependent on the 
total solute metal concentration. In connection with this situation, 
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one may note also that the ideal solution assumption covers any effect 
of departure from conservation of site numbers in chemical reactions; 
however, as mentioned earlier, it is doubtful that significant departures 
from site balance will be incurred by cathodes in practical environ- 
ments. 

Of concrete practical importance are the results for Reactions (23) 
and (24) that a 10 ~ G mole fraction of hydroxide ion impurity in BaO 
is guaranteed in practical vacuum systems in which (a) the partial 
pressure of H 2 0 exceeds 10 -14 atmosphere or (b) a mole fraction of 
10~ 12 of Ba in BaO is present along with a partial pressure of H 2 in 
the vacuum system exceeding 10~ 13 atmosphere. If the value of W 
derived above is allowed, these same conditions will also provide an 
equal concentration (10~ G mole fraction) of filled (OH" • e) donors. 

Chemical intuition leads one to expect that the thermal stability 
of hydroxide ions dispersed in dilute solution in an oxide would be 
somewhat greater than that extrapolated from the dissociation pres- 
sure of pure Ba(OH) 2 . One might expect that hydrogen bridge bond- 
ing (resonance energies) would make the activity coefficient of OH _ 
in BaO much smaller than unity. The above thermochemical estimates 
show specifically only that a reasonably small activity of H 2 , a gas 
which is known to be one of the poorer agents for activating cathodes, 
will maintain the OH" and Ba activities at levels compatible with 
partial pressures of H 2 0 and Ba observed in vacuum tubes. 47 

There are other similar models which can be conceived for donor 
centers (e.g., HC0 2 _ 'e, HC0 3 ~-e, Cl~«e, H~«e, and so forth) ; how- 
ever, none of these seems as plausible as the (OH~»e) center. 

Conclusions 

The general aspects of this new viewpoint regarding the donor 
centers in all electron emitters may be summarized as follows: 

1. The chemical property which is characteristic of an active 
cathode and which distinguishes an active cathode from an inactive 
cathode is inherently associated w T ith the presence of readily available 
electrons. The absolute activity, a c (s), of these electrons is determined 
by the total work function, (p, as 

9 

a c (s) = e kT . 

2. The chemistry of donor and acceptor species in the oxide cathode 
(and in ionic compounds generally) is amenable to systematic pro- 
cedures based on 
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(a) The principle that an elevation of the Fermi level is synony- 
mous with an increase in the electronic chemical potential and with 
an increase in the reducing chemical potential of the material, 

(b) The assumption that the chemistry of donor and acceptor 
species is roughly the same as that of ordinary ionic species dispersed 
in an "inert" solvent. 

The specific aspects of this new viewpoint regarding the donor 
centers in the conventional oxide cathode are the following: 

1. The usual model of the oxide cathode which postulates that the 
electron donors are F-centers formed from dissolved "excess barium" 
and oxygen vacancies is untenable because experimental evidence shows 
that not enough barium can remain dissolved in cathodes under oper- 
ating conditions to form the number of F-centers required to account 
for the electrical properties of oxide cathodes. 

2. The large content of reducing agent (e.g., ^ 10~ 4 mole frac- 
tion) measured for typical oxide cathode coatings is naturally and 
properly assignable to electropositive elements from the base metal 
such as magnesium, aluminum, iron, manganese, chromium, and so 
forth, rather than to dissolved "excess barium" or to the electrically 
important electron donor centers. A mole fraction of reducing element 
content of 10~ G to 10~ 4 , a donor center mole fraction of 10 -6 , and 
an apparent Ba mole fraction of 10- 10 to 10" 12 are thermochemically 
reasonable and compatible values. 

3. A number of conceptually feasible donor species may be effective 
in alkaline earth oxide cathodes which do not require the presence of 
a substantial (> 10~ 32 mole fraction) concentration of dissolved Ba 
which shows the equivalent vapor pressure behavior of a dilute ideal 
solution of Ba atoms. Variable-charge transition element impurities 
constitute one class of donor centers which are probably responsible 
for part of the electronic behavior of the oxide cathode. Certain 
variable-charge anionic electron donors are also allowable thermo- 
chemically. A member of this class, the OH~-e center, is proposed as 
the donor species most likely and able to account for many of the 
chemical and physical properties of the oxide cathode and for most 
of its electron emission behavior in practical vacuum systems. 

Appendix 

A. Vapor Pressure of Ba from Solid Solutions of Ba in BaO — The 
Cornell Work 

Data relating the vapor pressure of Ba dissolved in BaO to the 
mole fraction of dissolved Ba are derivable from the papers by Schriel, 48 
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Sproull, Bever, and Libowitz, 5 and Libowitz. 6 The two latter papers 
describe measurements made on single crystals of BaO and indicate 
values around 10 4 for the activity coefficient of Ba dissolved in BaO 
and a solubility limit of the order of 10~ 4 mole fraction at 1323°K. 
These results indicate the presence of strong repulsive forces and 
strong positive deviation from ideal solution behavior. The solution 
of Ba in BaO produced blue color centers, the concentration of which 
was found to be essentially equivalent to the total excess Ba content 
incorporated. More refined experiments on BaO single crystals by 
Timmer 7 produced measurements leading to the following relationship 49 
between the blue-center mole fraction, X m , and the Ba equilibrium 
vapor pressure (expressed in millimeters of mercury), p nnf for Ba 
dissolved in BaO : 

X na = 1.4X 10- 4 p Ba V3. 

For the limited temperature interval covered by Timmer's experiments, 
1423°K to 1473°K, X Rn was independent of BaO temperature within 
the limits of error of the data when the Ba vapor density was kept 
constant. 

The values derived from Timmer's experiments for the mole frac- 
tion X nat partial pressure p Ba , and activity coefficient y Ha are, respec- 
tively, 

A r ,, a 5.3 X 10 " 5 to 3.4 X 10 - 6 , 
Vna ^ 7.6 X 10- 2 to3.4 X 10- r > mm. Kg., 
yiSa ^ 186 to 2.1. 

Thus at a mole fraction of 3.4 X 10~ r> , the blue color-center species 
exerted a higher equilibrium vapor pressure of Ba than should be 
expected of an ideal solution of barium atoms at the same concentra- 
tion. The decrease in activity coefficient values with blue color-center 
concentration from very large values to values near unity at 10~' ft 
mole fraction indicate an approach to ideal solution behavior for the 
Ba dissolved, in whatever form. The larger-than-unity values of the 
activity coefficients of the blue centers indicate that they were formed 
endothermically. They bleached in vacuum; hence they were not tightly 
bound to the BaO. Whether these metastable blue centers were com- 
prised of Ba atoms, BaV a , Ba+V a ~, or Ba+ + V a = pairs, in which V a , 
V a ~, and V a = signify anion vacancy sites containing zero, one, and 
two electrons, respectively, cannot be definitely determined. Other 
possibilities such as (Ba+) 2 V a groups are also allowed. 
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From Timmer's work, it is clear that the blue solutions of Ba dis- 
solved in whatever form in BaO are created by overcoming consider- 
able repulsive forces and that these solutions approach ideal behavior 
at solute Ba mole fractions around 10 6 . There is no a priori reason 
for believing that attractive forces develop in the system at lower 
solute mole fractions, i.e., that y Ba drops appreciably below unity. 

With this evidence that Ba dissolved in BaO behaves nearly as an 
ideal solute at mole fractions of the order of 10 " 6 , one may proceed 
with some confidence to estimate the vapor pressure of the dissolved 
Ba which is usually presumed to contribute the electron donor centers 
in an active cathode. Taking values for the density of BaO molecular 
sites N Bn0 and taking the concentration of dissolved Ba as equal to 
the concentration of donor centers N n calculated 9 necessary to account 
for the electrical properties of BaO one finds from 

iV Ba0 ^ 2.2 X 10- cm— 3 , and 
N D « 10 17 cm- 3 , that 
X Ba - 0.4 X 10-*. 

Taking y Bn 1, and substituting this value and 

;;° Bl ^10- 2 mm. at 1000°K (from Rudberg and Lempert data 49 ), or 
p^^lO- 1 mm. at 1000°K (from Hartmann and Schneider data 49 ) 

into the equation given in Footnote (22) relating activity, activity 
coefficient, and solute mole fraction, one gets 

p Ba 0.4 X 10" 7 mm. (from Rudberg and Lempert data), or 
p Ba ~ 0.4 X 10- 6 mm. (from Hartmann and Schneider data) 

as the equilibrium vapor pressure of Ba expected from an active BaO 
cathode. Besides the doubt about the vapor pressure of pure Ba, there 
may be some question about the temperature dependence of y Ba . 

Common behavior of solid solutions indicates that y varies greatly 
with composition and little with temperature. 50 Timmer's measure- 
ments support the conclusion that this rule is applicable to the Ba-BaO 
system. 

It is worth noting that the F-centers in the alkali halides appear 
to provide little or no bonding between the excess alkali metal and the 
salt. The activation energies for formation of the centers from alkali 
metal vapor are small negative numbers, 51 e.g., —0.25 electron volt in 
KBr and —0.10 electron volt in KG. The density of F-centers is 
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proportional to alkali atom vapor density and the proportionality 
constant is near unity; hence the solutions are practically ideal. Fur- 
thermore, recent microwave measurements on F-centers in KC1 are 
interpreted 44 as indicating that the F-center electron is attached in 
turn as a 4s (valence) electron to each of the six K+ ions surrounding 
the anion vacancy. This model is viewed as consistent with the fact 
that the F-center absorption energies are of the same general magni- 
tude as the s-p energies observed for optical transitions from the 
ground states of alkali atoms in free space. This incomplete ionization 
of potassium adjacent to the center is of course compatible with the 
ideal solution behavior of the excess potassium. 

Thus, by analogy, it is likely that the blue color centers in BaO 
are very similar species, that they are formally representable as BaV n 
pairs, or perhaps (Ba+) 2 V n complexes, and that they should also behave 
(at moderate temperatures) as if they were roughly ideal solutions 
of Ba atoms at low concentrations. 

B. "Excess Barium" in Oxide Cathodes — The BTL Work 

A series of excellent detailed measurements by the BTL group is 
primarily responsible for clarification of the fundamental relationship 
of barium to cathode activity. Only two sets of their experiments will 
be discussed here. 

The Vapor Pressure of Ba from Oxide Cathodes 

The measurements of Wooten, Ruehle, and Moore* indicate that, 
from many active cathodes made of standard materials, little vapori- 
zation of Ba occurs (p Dfl ^ 3 X 10 - 11 mm) after the first 2,000 hours. 
From coatings on a passive nickel base (about 0.03 per cent "reducing 
agent" content), the evaporation of Ba was indetectable (p Rll ^ 10" 12 
mm) after the initial activation. From another series of coatings on 
"Grade A" nickel alloys (containing about 0.35 per cent of "reducing" 
agents), the evaporation of Ba proceeded at a constant rate (equivalent 
to a Ba vapor pressure of 3 X 10 -11 mm) after the first 2,000 hours to 
the end of the tests at 20,000 hours. They concluded that drawing 
emission at densities as high as 20 ma/cm 2 had no effect on the Ba 
vaporization rate. They found "no correlation between the rate of Ba 
evaporation and thermionic emission." 

As noted earlier and described in detail below, these measured vapor 
pressures are probably somewhat exaggerated values because of the 
continuous arrival at the oxide coating of magnesium evaporated from 
the anode. This magnesium presumably continuously reduced the oxide 
and generated barium. For an anode temperature of 520 °K attained 
in these tests when no space current was drawn, a 10 _l mole fraction 
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of magnesium in the anode could supply a partial pressure of mag- 
nesium as high as 10 -10 mm. (The anode composition in these tests 
is not stated but in the "excess Ba" content tests described later, the 
anode material was consistently their No. 1 nickel or roughly the 
equivalent and contained about 2 X 10 ~ 3 mole fraction of magnesium 
— how much of this was present as oxide is not known, however. 

These barium vapor pressures from typical cathodes in typical 
tube structures are therefore very probably substantially higher than 
the fundamental "donor destruction pressure" characteristic of a cer- 
tain concentration of the electronically important electron donors. 
These measurements establish the maximum possible value of this 
donor-destroying barium vapor pressure as being about 10 _12 mm for 
certain typical cathodes having an average state of emission activity, 
a rather important result. Their second result, that there is no cor- 
relation between the barium evaporation rate and thermionic emission, 
is thus quite consistent with this magnesium transfer interpretation 
and also understandable in terms of the general thermochemical ap- 
proach developed in the first section. 

In addition, it is of considerable significance that the BTL group 
demonstrated the existence on or in BaO of two kinds of "excess 
barium" — one of which (added by an external evaporator) re-evapo- 
rated readily as normal barium should, and one of which showed an 
abnormally low vapor pressure. Moore, Wooten, and Morrison 11 state, 

. . Deposited Ba in excess of .05 layer decreased emission and 
re-evaporated above 600°K within 5 minutes; production of Ba by 
exposure to methane usually decreased emission but such Ba was 
stable even above 1100°K. Median Ba content for demounted filaments 
prepared commercially was 0.90 X 10 17 atoms 52 per cc, equivalent to 
only .005 monolayer on the true oxide surface but sufficient for emission 
according to the semiconductor model for oxide cathodes." 

The "Excess Barium" Concentration in Oxide Cathodes 

The final reports 10 - 12 on this work by the BTL group indicate the 
following: 

(1) No correlation was found between "excess Ba (or Sr)" 
content and cathode activity for apparent mole fractions of such excess 
metal larger than 10~ G . 

(2) The lower limit of the sensitivity of the analytical method 
was about 10 _0 mole fraction of excess metal; hence their measure- 
ments do not exclude the possibility that a correlation exists between 
excess metal mole fractions and emission behavior at lower concen- 
trations. 
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(3) Apparent mole fractions of "excess barium" as high as 
2 X 10" 4 were found, with the median value being 6 X 10~ 5 for 
indirectly heated cathodes and 2 X 10 - 5 for filamentary cathodes. 

(4) No correlation was found between "excess Ba" content and 
cathode activity from 0.5 hour to 56,000 hours. 

(5) The mean values in "excess Ba" contents differed less than 
a factor of two for three classes of filamentary cathodes using (a) the 
No. 1 nickel alloy having about 0.35 per cent weight "reducing agent" 
content (b) the purer nickel having less than 0.03 per cent weight 
"reducing agent/' and (c) the extraordinarily pure platinum having 
< 0.03 per cent weight of copper impurity and no other detectable 
impurities (presumably less than 0.001 per cent of any other element). 
The mean value of "excess barium" in cathodes on the very pure 
platinum was actually the highest of these three groups of cathodes. 

As stated earlier, our assumption that practically all these "excess 
barium'* contents were actually measures of the total contents of other 
reducing elements such as magnesium, manganese, iron, and so forth, 
can readily account quantitatively for the BTL results for all cathodes 
except those on the very pure platinum. For instance, taking the alloys 
containing 10~ 4 mole fraction of iron, assuming ideal solution behavior 
and a cathode temperature of 1000°K, a partial pressure of iron equal 
to 10 -14 mm is computed. For a base metal sleeve .005 inch thick, 
the 10 ~~ 4 mole fraction of iron continuously evaporating at this level 
would last well over 10 6 hours and would provide an activity of iron in 
the oxide of 10 4 for about the same period of time. Thus there is no 
difficulty in accounting for a 10 ~ 4 mole fraction of reducing agent 
being present at any time in the cathode coatings on such alloys. 

The problem ultimately in applying this model to the BTL tests 
for which the ultra-pure platinum was used as base-metal is that of 
finding some source of such a low vapor pressure element as iron which 
could contaminate the coating and serve as the reservoir of reducing 
agent. This we have not found; however, there is conclusive evidence 
of significant transfer contamination from other electrodes. This 
obvious transfer is probably not enough to account quantitatively for 
the reducing element content of cathodes on the purest platinum base 
metal, but it comes moderately close. The fact that such transfer 
clearly existed leaves room for expectation that the reducing element 
contents of all the BTL cathodes were due almost entirely to the 
presence of elements other than barium. 

The BTL comments on their barium vaporization experiments are 
approximately the following: 
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(1) More barium evaporated from some of the cathodes than could 
have been produced from the reducing element content of the cathode 
base metal. 

(2) The rate of barium vaporization was less in tubes with 
oxidized nickel anodes than with bright nickel anodes until space 
current was drawn to the oxidized anodes. 

(3) Magnesium was found by spectrographs analysis in the outer 
layers of the aged cathode coatings. 

In both studies, the anodes were out-gassed for six minutes at 
1125°K. During the final three minutes of this period, the cathodes 
were broken down by heating to 1300 °K. 

The composition of their No. 1 nickel alloys used as anodes is listed 
in weight per cents as magnesium 0.09, silicon 0.02, carbon 0.03, iron 
0.24, manganese 0.25, copper 0.14, cobalt 0.05, aluminum 0.001, chro- 
mium 0.01, silver 0.001, nickel 99.17. 

If one considers the transfer problem as a short term one, he finds 
that transfer of iron borders on being significant during the six- 
minute interval of anode outgassing at 1125°K, the last three minutes 
of which the cathode was heated to 1300°K. The net accumulation of 
iron in the cathode coating during the breakdown period could amount 
to about 10 _G mole fraction. 

Similarly, a very much larger net transfer of magnesium and 
manganese could have occurred in the same interval. In addition, even 
assuming an anode temperature of only 350°K during cathode aging 
and ideal solution behavior of 10^ 4 mole fraction of magnesium in the 
anode, an equilibrium vapor pressure of magnesium of 10 -17 mm over 
the cathode probably existed continuously throughout the aging period. 
At thermal equilibrium this would correspond to a magnesium activity, 
a Mj? , in the coating of about 10~ 37 . As shown earlier, free-energy data 
indicate that a small activity of magnesium maintained in a BaO 
coating containing a small MgO concentration (10 _G mole fraction) 
would generate a 10 TO times larger Ba activity (and would also convert 
any moderate content of Fe++, Mn+^, and so forth, already present 
largely to the reduced atomic state). Our own experience is that one 
seldom obtains alkaline earth carbonates having less than 10~ 4 or 10~ 5 
mole fraction of iron salts. 

From this interpretation of the significance of the BTL measure- 
ments we suspect it is practically impossible to study a "typical" 
cathode in an inert environment, and that it is also impossible to 
determine chemically the concentration of the electrically important 
donor centers. 

Though the results of the BTL experiments may not be what the 
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authors expected they would be when the experiments were begun, 
they are certainly not less valuable. They provided a large fraction 
of the experimental foundation for the interpretation presented here 
of oxide cathode chemistry. 
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the corresponding standard free energy change, AF° lf to which the 
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22. The thermochemical activity a t of a solute species defined in 
Reference (17) is further defined as 

Pi 

a i = = Yi^i , 
P°i 

in which y } is the activity coefficient, X t the mole fraction, p t the partial 
pressure of the solute, p°j the vapor pressure of the pure (solute) 
component. 

23. Reaction (10) could also be written as the sum of the two half 
reactions, 

Mg(l) = Mg+ + (ss, BaO) + 2e(ss,BaO), 
2c(ss, BaO) +Ba++ (s, BaO) = Ba(Z). 

At equilibrium, the electronic activities produced by the greatly differ- 
ent activities, a na and a Mjr , are equal. By assuming various values 
for the ratio, a naO /a Mf , 0 , one readily sees that the equilibrium values 
of the ratio, a Vtli /a Mg , depend on the composition assumed. Thus 
whether a small activity of a "strong" reducing agent can generate 
the same electronic activity as can a large activity of a "weak" re- 
ducing agent depends somewhat on the effect of mass action. Similarly, 
it is obvious that the state of reduction of the system as measured 
by the work function (or Fermi level or electronic activity) depends 
on the activities of all the species present, the oxidized as well as the 
reduced species. 

24. Cf. N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
Crystals, p. 159, Second Edition, Clarendon Press, Oxford, England, 
1948. The derivation of these equations assumes that only one donor 
species contributes appreciably to the population of conduction elec- 
trons and that the energy required to remove a second electron from 
the donor species is considerably larger than E* r the energy required 
to remove the first electron. 
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25. For brevity, AEO is used to signify the conventional alkaline 
earth oxide composition containing BaO and SrO, or BaO, SrO, and 
CaO in optimum ratios. 

26. The term "disproportionate" describes a type of reaction 
shown by many species which react with themselves to form both a 
more highly oxidized product and a less highly oxidized product than 
the reacting species. 

27. From thermochemical data, it is likely that (E 2 — E 0 ) ^ 2(i£ s 
- E 2 ) ; no more than this can even be estimated about the absolute or 
relative values of the ionization energies of the solute iron species. 
In aqueous solutions, many ionic species exist which cannot ordinarily 
be isolated in "pure" compounds. Accordingly, the presence of "ex- 
traordinary" as well as "ordinary" species should be expected in solid 
solutions, hence the iron impurity system in BaO may also include 
Fe+. Whether the "level" for Fe (and also one for Fe + ) lies in the 
conduction band of BaO cannot be estimated. Alternatively, the "level" 
for ionization of solute Fe+ + + may lie below the full band. Even in 
this case, an energy (E f/ — E 2 ) must be supplied to take an electron 
from the 0^ band and place it on an Fe+ + + ion thereby converting 
it into an Fe++ ion, hence electrons do not drain off the 0 = sites 
into the Fe+ + + sites. Neither do electrons drain from Fe and Fe++ 
sites into Fe + + + sites — the energy of the system is not lowered by a 
spatial rearrangement of species unaccompanied by a change in relative 
numbers of species. 

28. The 0 2 pressure does not affect this distribution because we 
have assumed a fixed activity value of Fe supplied by the support 
metal. A far smaller equilibrium activity of Fe would be produced 
from the dissociation of FeO under any likely residual 0 2 pressure 
such as 10~ 12 atmosphere. 

29. R. H. Plumlee, "Electrolytic Transport Phenomena in the Oxide 
Cathode," RCA Review, Vol. XVII, pp. 190-230, June, 1956. 

30. As will be noted later, charge balance considerations and the 
nature of the species involved do not require that the thermally de- 
tachable electrons be incorporated in the valence bonds or valence 
shell of the donor ion. For anionic donors, the detachable electron 
will seldom be part of the valence shell. 

31. H. B. Frost, "Transient Changes in Oxide Cathodes," Report 
on Fourteenth Annual Conference on Physical Electronics, Massachu- 
setts Institute of Technology, Cambridge, Mass., 1954. 
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H. B. Frost, Thesis, ''Transient Changes in Oxide Cathodes/' 
Massachusetts Institute of Technology, Cambridge, Mass,, 1954. 

32. E. J. W. Verwey, P. W. Haaijman, F. C. Romeijn, and G. W. 
van Oosterhout, "Controlled- Valency Semiconductors," Philips Res. 
Rep., Vol. 5, pp. 173-187, June, 1950. 

33. E. J. W. Verwey and F. A. Kroger, "New Views on Oxidic 
Semiconductors and Zinc-Sulfide Phosphors/' Philips Technical Re- 
view, Vol. 13, pp. 90-95, October, 1951. 

34. F. A. Kroger, H. J. Vink, and J. van den Boomgaard, "Con- 
trolled Valency in CdS Single Crystals/' Z. fur physik. Chen)., Vol. 
203, pp. 1-72, May, 1954. 

35. F. A. Kroger and H. J. Vink, "Physieo-Chemical Properties of 
Diatomic Crystals in Relation to the Incorporation of Foreign Atoms 
with Deviating Valency," Physica, Vol. 20, pp. 950-964, November, 1954. 

36. P. W. Selwood, "Valence Inductivity," Jour. Awer. Chew. Soc, 
Vol. 70, p. 883, February, 1948. 

37. P. W. Selwood, T. E. Moore, Marylinn Ellis, and Kathryn 
YVethington, "Supported Oxides of Manganese," Jour. Awer. Chem. 
Soc., Vol. 71, pp. 693-697, February, 1949. 

38. G. H. Johnson, "Influence of Impurities on Electrical Conduc- 
tivity of Rutile," Jour. Awer. Cer. Soc, Vol. 36, pp. 97-101, March, 1953. 

39. In principle, it is useful to distinguish two types of variable- 
charge behavior: (a) variable-valence performance in which the charge- 
balancing detachable electron has a bona fide role in the bonding of 
the ion to the crystal and is part of the "valence shell" of the ion, (b) 
potential-well trapping, in which the charge-balancing detachable elec- 
tron is merely held in the electrostatic field due to the charge deficit 
of the site. In practice, all degrees of shading between the two types 
should be expected. 

40. From previous thermochemical discussions, it is obvious that 
"cations" of zero charge (atoms) must also be included as an important 
part of any variable charge donor system. 

41. Karl Hauffe and Gerhard Tranckler, "Calciumoxyd, ein am- 
photerer Halbleiter," Z. fur Physik, Vol. 136, pp. 166-178, November, 
1953. 

42. In connection with discussion of ionic and co-valent solids and 
complex compounds, it seems worth while to follow the convention used 
by Y. K. Syrkin and M. E. Dyatkina, Structure of Molecules and the 
Chemical Bond, p. 108, Interscience Publishers, Inc., N. Y., 1950, and 
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to reserve the term valence to connote only the number of impaired 
electrons which a species has. This in turn defines the number of co- 
valent bonds it can form. In co-valent or largely co-valent crystals, the 
valence is then identifiable with the co-ordination number. 

The co-ordination number in an ionic crystal is in general not 
related to the number of surplus or deficit electronic charges which 
the ions carry. The ionic charge or state of oxidation of a species is 
thus different from its crystalline co-ordination number. Since the 
bonds in any real crystal are comprised of the whole gamut of con- 
ceivable electronic configurations ranging from "normal" fully ionic 
through fully covalent to those completely reversed from "normal" 
ionic, it is pertinent to distinguish ionic charge, coordination number, 
and number of co-valences. Even in the most ionic crystals, the average 
electronic charge density between ions drops at the nominal ionic radii 
boundaries only to about 5 per cent or 10 per cent of the maximum 
between nuclear centers. The variable-charge electron donors may be 
either co-valently or ionically bonded in the solid. The electron more 
or less by which the donor's charge varies will probably always be an 
unpaired electron. The important point is that the concentration of 
such electrons can be controlled by the degree of reduction of the 
crystal. At present it seems immaterial whether one describes the 
variation in electron content of a site in terms of a nominal number 
of electronic charges or in terms of the numbers of covalent bonds 
and "surplus" electrons having unpaired spins, 

43. This result agrees only approximately with findings in these 
Laboratories. Here, it has been found that the luminescence spectrum 
shifts slightly and consistently with the identity of the impurity anion 
for the entire halide series. See I. J. Hegyi, S. Larach, and R. E. 
Shrader, "Electroluminescence of Zinc Sulfo-Selenide Phosphors with 
Copper Activators and Halide Co-activators," Abstract No. 39, En- 
larged Abstracts, The Electrochemical Society Inc., Spring Meeting, 
April 29-May 3, 1956. 

44. C. Kittel, Introduction to Solid State Physics, pp. 313-315, 
John Wiley and Sons, Inc., N. Y„ 1953. 

45. This experiment (Reference (29)) actually provided the clues 
and inspiration which caused the F-center model to be subjected to 
scrutiny and which led to the entire development of this chemical model 
of the donor centers based on the electronic potential concept. 

46. S. Glasstone, K. Laidler, and H. Eyring, The Theory of Rate 
Processes, p. 566, McGraw-Hill Book Co., Inc., N. Y., 1941. These 
authors show that continuous conduction of protons in H 2 0 requires 
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rotation of H 2 0 molecules for which the activation energy (in ice) 
is 0.375 electron volt. The actual proton transfer step is the rate 
limiting step (because of the low H 3 0+* concentration) and has an 
activation energy of 0.213 electron volt. At cathode temperatures, 
rotation of the OH group probably would not be the slow step in the 
donor center diffusion process. 

47. G. IT. Metson, S. Wagener, M. F. Holmes, and M. R. Child, 
"The Life of Oxide Cathodes in Modern Receiving Valves/* Proc. Inst, 
Elec. Engrs. (London), Vol. 99, Part III, pp. 69-87, March, 1952. 
These authors calibrated a number of tube types so that gas pressures 
could be read from measurements of ion currents collected during the 
drawing of electron current. They state "The pressure in modern 
values is between 1 X 10~° and 1 X 10" 1 mm Hg. . . ." They found 
the lower limit of apparent residual gas level was set by the photo- 
electron current level from the ion collecting electrode. This is the 
same limitation inherent in most ionization gage readings. 

48. Maximilian Schriel, "Uber die Einwirkung von Bariummetall 
auf Bariumoxyd bei hohern Temperaturen," Z. f iir Anorg. und Allgem. 
Chew., Vol, 231, Part 4, pp. 313-326, April, 1937. 

49. The vapor pressure equation for Ba is not thoroughly estab- 
lished. Recent measurements by P. E. Douglass, "The Vapor Pressure 
of Calcium I," Proc. Phys. Soc. (London), Vol. 67B, pp. 783-786, 
October, 1954, and D. H. Tomlin, "The Vapor Pressure of Calcium II," 
Proc. Phys. Soc. (London), Vol. 67B, pp. 787-794, October, 1954, indi- 
cate that the values of E. Rudberg and J. Lempert, "The Vapor Pres- 
sure of Barium," Jour. Chem, Phys., Vol. 3, p. 627, October, 1935 are 
at least a factor of ten too low, that the values for Ba of H. Hartmann 
and R. Schneider, "Boiling Temperatures of Magnesium, Calcium, 
Strontium, Barium, and Lithium," Z. Anorg. All gem. Chem., Vol. 180, 
pp. 275-283, March, 1929, are more nearly correct but a factor of 2 or 
3 too low, nevertheless. A plot of Timmer's values of color center 
densities against barium vapor concentrations computed from the 
Hartmann and Schneider data gave also a cube root relationship with 
a slightly different value of the proportionality constant. The Hart- 
mann and Schneider data give activity coefficients for Ba in BaO 
ranging from 277 to 4.4. 

50. L. S. Darken and R. W. Gurry, Physical Chemistry of Metals, 
p. 270, McGraw-Hill Book Co., Inc., N. Y„ 1953. The excess partial 
molar free energy, Ff\ of a solute in a real solution over that in an 
ideal solution, F"^, is given by 
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— Ti ui = RT In y f . 



The corresponding excess partial molar entropy of the solute in a real 
solution is 



The excess entropy over the ideal mixing entropy is a measure of the 
lack of disorder. Since we are concerned with very high temperatures 
and very high dilution, there is no reason to expect Sf* to be appre- 
ciably different from zero. 

51. R. W. Pohl, "Electron Conductivity and Photochemical Proc- 
esses in Alkali-halides," Proc. Phys. Soc, Vol. 49, Extra Part, pp. 3-31, 
August, 1937. 

52. Equivalent to a mole fraction X Bil 0.5 X 10 - fl . Mole frac- 
tions as high as A r IJa ~ 10~ 4 were measured by R. 0. Jenkins and 
R. H. C. Newton, "Free Barium and the Oxide Cathode," Jour. Set 
Instr., Vol. 26, pp. 172-173, May, 1949. 
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KINESCOPE ELECTRON GUNS FOR PRODUCING 
NONCIRCULAR SPOTS 



By 



R. C. Knechtli and W. R. Beam 



RCA Laboratories, 
Princeton, X. J. 



Summary — hi sonic cathode-ray-tube applications, small spot size is a 
necessity. This paper describes two types of electron guns by means of 
which particularly small spots can be obtained. One type of gun, using 
a line crossover rather than the conventional point crossover, is suitable 
for producing narrow, elongated spots. The other type, employing an 
electron-illuminated aperture as an electron-optical object, can produce 
sharply defined spots of any desired size and shape. These guns have been 
found experimentally to produce spots whose current density equals or 
exceeds that of the best available guns of conventional design. 



N some cathode-ray-tube applications the spot size required is quite 



small. This limitation in spot size is sometimes found to be more 



severe along one axis than along the other. An example of this 
is the line-screen color kinescope described by Bond, Nicoll, and Moore 
in 1951. 1 In such a kinescope, a spot not wider than approximately 
10 mils is required; the length of the spot however, can be as large 
as 30 mils or even more, without loss of color purity and without too 
poor resolution. In such applications, an elongated spot appears de- 
sirable. 

It is the purpose of this paper to describe the development of elec- 
tron guns which produce on the screen of a kinescope a rectangular or 
elongated spot of high current density. More generally, spots of any 
desired shape and high current density can be obtained by means of 
the guns with aperture limited object to be described further on. 

The spot on the screen of a kinescope is the electron-optical image 
of a cross section of the beam. This cross section is called the "object" 
of the gun; it is usually quite small and is in the vicinity of the 
cathode. The part of the gun by means of which this object is formed 
will be called the "object-forming system"; the part of the gun by 
means of which its image is reproduced on the screen is the "imaging 
system." 



1 U. S. Bond, F. H. Nicoll, and D. G. Moore, "Development and Opera- 
tion of a Line-Screen Color Kinescope," Proc. I.R.E., Vol. 39, pp. 1218-1230, 
October, 1951. 
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In most conventional electron guns, the object-forming system 
consists of a cathode, located behind an aperture in the electrically 
negative grid electrode, and a positive accelerating electrode completing 
the "triode." The conventional gun has cylindrical symmetry, but in 
some cases electrode apertures may be of other shapes to attain special 
effects. 

The electron imaging system may use either electric fields or 
magnetic fields, or a combination of both. The choice of the electron 
lens system is more often an economic compromise than the result of 
scientific optimization in production kinescopes. 

In one type of gun described here, the object-forming system 
concentrates the electron beam at the plane of an apertured electrode. 
Spots of any desired shape can be obtained by using a small aperture 
of this shape as an object. The part of the cathode current transmitted 
through it forms the spot on the screen as an image of this aperture. 
Besides the possibility of producing spots of any desirable shape, a gun 
with an object-defining aperture has two other important advantages: 

(1) The dimensions of the object are independent of current, 

(2) The position of the object is independent of current. 
Thus, the spot size should be less dependent on current in these guns 

than in guns of the conventional type. This was indeed found to be 
true. 

Fundamental Limitations 

The fundamental limitations on the performance of all types of 
kinescope guns in general are discussed here in order to show how they 
influenced the conception of the guns described later. 

Because of spherical aberrations, the highest spot-current density 
for fixed spot current is obtained when the product V 0 sin 2 0 o is mini- 
mized, V 0 being herein the object voltage and 0 o the angle of beam 
spread at the object. In this process, the object size is assumed 
constant. 

Thermal electron velocities at the cathode determine the lowest 
theoretically possible value of the product V 0 sin 2 9 n . Hence, the 
purpose in designing an object-forming system intended to produce 
a high spot-current density is to minimize the product V n sin 2 0 o , to 
as near the lower limit determined by thermal electron velocities as 
possible. A more general demonstration of the advantage of making 
T 7 0 sin 2 0 o small is shown in Appendix I. 

Space charge produces a mutual repulsion of the electrons in the 
beam; the beam always tends to spread. This process, called "space- 
charge defocusing," is approximately equivalent in effect to the weaken- 
ing of the lenses of the imaging system. To compensate for it, a 
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focusing voltage of the imaging system should be readjusted as a 
function of current. 

It can be shown" that space-charge defocusing first occurs in the 
object space if the object voltage is smaller than the image voltage. 
As the amount of beam spread is dependent upon the local space-charge 
density in the beam, space-charge defocusing decreases with increasing 
beam voltage. Therefore, in order to minimize space-charge defocusing 
in a kinescope, it is desirable to choose the object voltage, V 0f as high 




/ 

FOCUSING COIL 
(MAGNETIC FINAL LENS ) 



b. MAGNETIC IMAGING SYSTEM 

Fig. 1 — Conventional kinescope gun. 
(a) Electrostatic imaging system; (b) Magnetic imaging system. 

as possible.* If the object voltage cannot be chosen high enough to 
make space-charge effects negligible, these effects can, to some extent, 
be compensated for by applying a dynamic focussing voltage to a lens 
electrode of the imaging system. 

In a gun with an object-defining aperture or other electron inter- 
cepting electrode, the heat developed at this electrode due to the inter- 
cepted current may also determine the maximum tolerable value of its 
voltage. 



* Appendix II. 
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Conventional Kinescope Guns 

Typical kinescope guns of what will be referred to as the "conven- 
tional" type are shown in Figure 1. The cathode, K, grid, G, and 
accelerating electrode, A, constitute the object-forming system. The 
imaging system may be electrostatic as in Figure 1(a), or magnetic 
as in 1(b). The object-forming system, or "triode," of the conven- 
tional gun performs two services — it creates a region of high current 
density upon which the imaging system can be focused, and it controls 
the amount of current reaching the phosphor screen. The formation 
of the "crossover/' as this high-density region is called, is possible 




BEAM 



(NEGATIVE) 



Fig, 2 — Triode system of conventional gun. 



because of the intense convergent forces produced near the cathode by 
negative grid potentials. These fields, shown in Figure 2, form a 
region of very dense, but nonuniform flow in front of the cathode. 
The dense region is not at all sharply defined but very nonuniform as 
a result of the absence of perfection in the electron lens and probably 
to a greater extent the spread in velocities of electron emission. 

Despite the fact that at the crossover in a conventional gun, elec- 
tron flow is highly nonlaminar, this crossover region is small enough 
to qualify for use as an object in tubes requiring neither an extremely 
high current density spot, sharpness of the edges of the spot, nor 
constancy of spot size with current. 
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The Line-Crossover Gun 

The purpose is to produce an elongated spot of high current density. 
One possibility for this is to alter the object-forming region of a con- 
ventional gun to form, instead of a round crossover, a long linear one. 
This can conveniently be done simply by changing the round grid 
aperture to a long slit. Pierce 2 has shown that the current density in 
such a crossover is slightly greater (other things being equal) than 
in a round crossover. 

By changing to a line crossover, and to optics which are infinite 
in the direction parallel to the line crossover, an infinite line beam 
would be obtained. While such a situation offers simplicity of descrip- 
tion, a beam of a definite (finite) length is desired. This makes it 




CONTROL ACCELERATING ANODE 
ELECTRODE ANODE 

020" WIDE .020" D. APERTURE 
SLIT 



Fig. 3 — Line focus gun. 

necessary to (1) limit the crossover length, and (2) provide focusing 
in the direction of the long axis of the crossover. The second objective, 
it appears, is most practically met by providing an imaging lens with 
cylindrical symmetry, since lenses with controlled degree of astig- 
matism are difficult to build. The function of limiting the length of 
the line crossover, it has been found, can be performed by the apertured 
diaphragm of the accelerating anode. With this type of gun structure, 
shown in Figure 3, the line length is implicitly controlled by the elec- 
trode dimensions and spacings in the "triode" section. The dimensions 
shown in the figure are suitable to produce a spot of approximately 
.010 X .040 inch, with a cathode-to-screen distance of about 21 inches. 
About 80 per cent of the cathode current is intercepted by the first 
anode. Maximum spot current is about one milliampere. 



2 J. R. Pierce, "Limiting Current Densities in Electron Beams/' Jour. 
Appl. Phys., Vol. 10, pp. 715-724, October, 1939. 
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The Object-Aperture Gun 

An alternate possibility of obtaining an elongated spot is to project 
a very dense beam onto an aperture shaped in the form of the desired 
spot. The portion of the beam passing the aperture then forms the 
object of the imaging lens. By this means, spots of any desired shape 
and having sharply defined edges can be obtained. Elongated spots in 
particular are conveniently obtained by means of a rectangular object 
aperture. 

This type of gun has a number of advantages: (1) free choice of 
spot shape, (2) essentially no change in spot size and shape with cur- 
rent, and (3) ability to utilize a larger cathode area, and thus attain 
high spot current at reasonable cathode loading. The disadvantages 
are: (1) the attainment of small spot size requires great gun pre- 
cision (but perhaps no more than an equivalent conventional gun), 
(2) considerable power may be dissipated by the object electrode, from 
current which does not pass through the aperture, and (3) more 
electrodes are generally needed. For applications where spot size, 
shape and maximum current are of primary importance, this type of 
gun may be justified. 

Since the work of Law, 3 who was the first to our knowledge to 
investigate guns of this type in 1937, several techniques have come 
into use in beam type tubes. One of these is the Pierce 4 gun, another 
the impregnated cathode. 5 Gun construction techniques used for 
traveling-wave and similar tubes are of importance in achieving the 
necessary accuracy. It was felt that by putting together some of these 
advances in gun techniques, an improved object-aperture gun would 
be possible. 

In the following sections, the design considerations and limitations 
for object-aperture guns are discussed in detail and the construction 
of some experimental guns explained. 

Object-Forming System 

The object-forming system consists of the cathode, the object aper- 
ture, and the intervening region. As a consequence of spherical aber- 
rations, the essential aim in the design of an object-forming system 
is to reduce the product V 0 sin 2 0 o for given object size and spot current 



3 R. R. Law, "High Current Electron Gun for Projection Kinescopes," 
Proc. I.R.E.* Vol. 25, p. 954, August, 1937. 

4 Described in J. R. Pierce, Theory and Design of Electron Beams, 
D. Van Nostrand Co., Princeton, N. J., 1949. 

5 R. Levi, "New Dispenser Type Thermionic Cathode," Jour. Appl. 
Pkys., Vol. 24, p. 233, February, 1953. 
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to as near the lower limit determined by thermal electron velocities 
as possible. How this determines the structure of the object forming 
systems will be shown in the next section. It is assumed in following 
sections that cylindrically symmetrical object-forming and imaging 
systems are to be used; our experience indicates that other types of 
lenses are almost prohibitively difficult to build. The precise parameters 
of such an object-forming system are governed to a considerable degree 
by secondary requirements not apparent in the general relations of 
Appendix I and Figure 10. Thus, 

(1) The shape of the object -defining aperture is determined by 
the required spot shape. In our experiment, elongated spots were 
desired; therefore, rectangular object defining apertures were used. 

(2) The size of the object-defining aperture (parameter y 0 in 
Figure 10) is chosen as small as possible. Small object dimensions are 
desirable in order to keep the gun short. (This can be deduced from 
Equations (3) and (5), when y s , V s , and V 0 are specified.) The 
minimum practical object dimensions are limited by the mechanical 
difficulty of making and aligning small apertures. Local bombardment 
heating must also be taken into consideration. 

(3) The cathode current density, j c . Equation (1), indicates it is 
clearly best to use the maximum cathode current density compatible 
with good tube life. This is limited by the cathode material, and by 
the ability of the cathode to replenish its active layer. 

(4) The current I 0 transmitted through the object-defining aper- 
ture is approximately equal to the screen current, l s , when the current 
lost in the imaging system is kept negligible (as it must be to achieve 
most efficient operation). The screen current is a quantity which we 
may choose to attempt to maximize; its minimum usable value is fixed 
by the minimum picture highlight brightness required in the finished 
kinescope. 

(5) The object voltage, V or is chosen as high as possible in order 
to minimize space-charge defocusing (see Appendix II). An upper 
limit to V 0 is usually set by the heat developed at the object-defining 
aperture due to the intercepted current. Thus the value of V 0 is a 
compromise between the limitations imposed by space-charge defocus- 
ing and heat dissipation at the object defining aperture. 

(6) The cathode current, I e , is determined by the value of I Q and 
the transmission ratio I 0 /I c of the object-forming system. 

(7) The transmission ratio I 0 /I c is made as large as possible in 
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order to keep the intercepted current, the cathode current and the 
cathode diameter corresponding to given values of j e and I 0 as small 
as possible. This is normally achieved by making the (round) beam 
diameter at the object-defining aperture about equal to the largest 
dimension of this (rectangular) aperture.* 

The last condition is usually rather readily satisfied, the simplest 
method being to focus the beam to a crossover at the plane of the 
object defining aperture. 

Design of the Object-Forming System 

Optimum design, as previously indicated, requires that the value 
of the product <V 0 sin 2 0 o be minimized. It was noted that the value of 
V 0 cannot be chosen arbitrarily; its optimum is usually determined 

CATHODE CATHODE ELECTRODE ANODE OBJECT DEFINING APERTURE 





Fig. 4 — Convergent Pierce gun with object-defining aperture. 

from a balance of power-supply and aperture-heating limitations. 
Thus, in designing an object-forming system, the direct problem is to 
minimize the angle of beam spread, 0 ot at the object-defining aperture 
for given object voltage, V of object size, y 0 , and transmitted current, 
/ 0 . Several electrode configurations were tested. 

A simple solution might appear to be a convergent Pierce gun with 
a small angle of convergence, 6 C (essentially what Law 3 used). In this 
case, the smallest beam cross section (crossover) would be placed at 
the object defining aperture itself, as shown in Figure 4. Because the 
flow is not truly laminar, it was found impossible to make 6 0 < 0 r ; in 
all cases 0 o ^ 6 C . Thus, one must minimize the angle of convergence, 
9 r , of the Pierce gun (parallel flow was ruled out by the excessive 
cathode current density implied by the desired values of I c and y 0 ) . In 
actual designs, with the relatively high cathode current required (in 

* Further improvements might be obtained by means of astigmatic 
focusing before the object-defining aperture if one of its dimensions appre- 
ciably exceeds the other dimension. 
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this case of the order of 3 milliamperes), small angles of convergence 
lead to excessively high object voltages. Further, since the "cutoff 
voltage"* of a Pierce gun increases with decreasing angle of con- 
vergence (for given cathode diameter and beam current), too high 
cutoff voltages are obtained. Hence, in order to keep the cutoff voltage 
reasonably small and the object voltage at the desired value, a rela- 
tively large angle of convergence, 6 ct appears desirable at the cathode. 

A preliminary lens combination used to form a dense beam at the 
object aperture consisted of the convergent-field Pierce gun followed 
by a decelerating then an accelerating region. The anode voltage of 
the Pierce gun and the object voltage were almost the same. The inter- 
vening lens, of the Einzel** type, served to overcome the space-charge 
forces, to extend the cathode-object distance and hence slightly reduce 



the effective $ ct and finally to compensate for slight variations in the 
focusing of the Pierce optics. In this concept, no true crossover was 
expected within the object-forming optics. The relatively large size 
of the beam in the Einzel lens region resulted in interception on the 
low-voltage electrode. Increasing the aperture diameter produced 
undesirable results as indicated by a less favorable value of the 
"quality factor," v (defined in Appendix I, Equation (7)). Study of 
this type of action, limited, as was most of the work, to experiment, 
was halted when better operation was obtained with a system oper- 
ating in the mode shown in Figure 5. The elements used in a structure 
of the type of Figure 5 are physically realizable (convergent lenses 
only), and successful results have been obtained with guns of that type. 

In the object-forming system of Figure 5, a crossover is formed 
between the cathode and a lens focused on this crossover. The crossover 

* With all apologies to Dr. Pierce, the beam was modulated by the 
electrode surrounding the cathode. While this destroys the laminar flow, 
it also effectively cuts off the beam current. Deep electrodes produce cutoff 
at less negative control voltage than shallow^ ones, since the accelerating 
fields do not penetrate to the cathode so readily. 

** An Einzel, or unpotential lens, is one consisting of three electrodes, 
the outermost pair at the same potential. The inner electrode may have 
either higher or lower voltage. 
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pig. 5 — Principle of object-forming system. 
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is considered, in first approximation, as a point source of electrons; 
thus, the beam emerging from the lens and passing the object defining 
aperture is essentially parallel. Actually, the finite size of the cross- 
over and the aberrations of this lens produce some beam spread; the 
theoretical* minimum angle of beam spread thus obtained is not smaller 
than the angle obtained with a convergent flow gun converging directly 
at a small angle on the object aperture. The advantages of the 
structure of Figure 5 are the lower object and cutoff voltage possible 
for given cathode current and cathode diameter. 

The crossover, in a gun of the type of Figure 5, can be produced 
either by means of an immersion lens** system similar in principle to 

SCALE 
100 



Kv 



OBJECT 
'APERTURE 



Fig. 6 — Object-forming system with immersion lens crossover. 

the systems by which the crossover is formed in conventional guns, 
or by means of a convergent laminar flow produced, for instance, with 
a Pierce-type gun. Figure 6 shows an object-forming system with an 
immersion lens crossover. This crossover is formed between the first 
electrode, G x (which is negative) and the second electrode, G 2 (which 
is highly positive). The three electrodes G 2i G 3 , and G 4 constitute a 
lens focused on the crossover which lies between G A and G 2 ; the lens 
action is obtained by keeping G% at much lower potential than G 2 and 
G 4 . Typical potentials are indicated on Figure 6. 

Another method of forming the crossover between cathode and 
object aperture is to use a convergent Pierce gun. Figure 7 shows a 
design of this type. 



The theoretical minimum angle of beam spread is the angle of beam 
spread obtained in an ideal system limited onlv by thermal velocities 
(Equation 1) . 

** Defined as a lens in which the object (in this case, the cathode) is 
immersed in the lens proper. 




www. 



ELECTRON GUNS FOR N ON CIRCULAR SPOTS 



285 



The Imaging System 

Before describing a specific imaging system, let us list the param- 
eters of the imaging systems (left side of Figure 10) and consider 
how they may best be chosen. 

(1) Lens type • — Preliminary experience showed that the most 
adequate lenses within practicality were electrostatic cylinder 
lenses whose cylinders approached in diameter that of the 
neck of the envelope. Magnetic lenses were abandoned be- 
cause of the excessively large magnification which they pre- 
sented; this would have decreased the object size or increased 
the tube length, neither of which was practical. 




(2) L ss the lens-to-screen distance is determined by deflection re- 
quirements and screen size. It is kept as small as possible in 
order to minimize the tube length, the limitation imposed on 
the screen current density by thermal velocities (Equation 
(1)), and space-charge defocusing; indeed, the smaller L s , 
the larger the angle of beam convergence at the screen, $ A . 

(3) V s l the actual spot dimensions are determined by picture re- 
quirements. (The maximum tolei'able spot size can be deter- 
mined, e.g., by the minimum tolerable resolution.) y g is a 
quantity one may choose to minimize. 

(4) Ay s which measures spherical aberrations could clearly have 
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(from Equation (4) ) any value from 0 to y g . Due to the loss 
of current density in the spot for large Ay s and the difficulty 
of attaining small Xy«, a practical compromise of Ay s ^ .2 y s 
was chosen.* 

(5) M, the magnification, is determined once y 0 and y/ = y^ — Ay^ 
have been chosen. However, in order to keep the gun as short 
as possible, one must avoid too small values of M. This in- 
fluences to some extent the choice of y n ; further considera- 
tions relevant to this choice have already been expressed in 
the design procedure of the object-forming system. 

(6) V Ht the screen voltage, should be as high as possible in order 
to minimize the effect of thermal velocities (Equation (1) 
applied to the screen) and maximize the highlight brightness. 
The limit is determined by circuit and safety (including X-ray 
hazard) requirements. 

(7) I Ht the screen current, is determined by the consideration 
already expressed in the design procedures of the object 
forming system in relation with 7 0 . 

(8) V n , the object voltage, is determined in designing the object 
forming system. 

It is seen that the screen (image) voltage, the object voltage, the 
distance from final lens to screen, L $t and the magnification, M, usually 
are determined by the various considerations just expressed. 

In a single-lens system, once the distance from the lens to the 
screen, the image voltage, and the object voltage are prescribed, the 
position of the object plane and the magnification are determined. 
Usually, the magnification thus obtained does not correspond to the 
magnification required. In this case, one more degree of freedom is 
necessary; this is obtained by an additional electron lens. 

As an example, a typical electrostatic double-lens imaging system 
is shown in Figure 8; this system can be used with the object-forming 
systems of Figures 6 or 7. 

Test Procedures 

Much effort is saved by testing experimental object-forming systems 
separately from the imaging system. For this purpose, the following 
quantities have to be measured at a given object voltage: 

(a) The cathode current, I c , 

* An unpublished paper by E. G. Rambei'g of these Laboratories shows 
that, in an elongated spot, the maximum current is obtained when Ay s ~ 
.35 y s . Our choice produces slightly less current, but a sharper edged spot. 
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(b) The screen current, I s , 

(c) The angle of beam spread, 6 0 , at the object. 

These quantities are conveniently measured by sealing the object- 
forming part of the gun into a short bulb, as shown in Figure 9. Care 
must be taken, by proper electrostatic shielding, to prevent secondary 
electrons from interfering with the measurement of or I H . (Such 
secondaries may be emitted from either the screen or the object aper- 
ture.) 

In the test of an object-forming system by this method, one meas- 
ures the transmission efficiency, IJI C , and the angle of beam spread, 6 0 , 
for a given object voltage and screen current as a function of electrode 




Fig. 8 — Image-forming system. 



voltage, and calculates the ratio v (Equation (7)), which serves as a 
"quality factor' for the object-forming structure. 

The performance of the imaging system can be tested in a spot 
magnifier of the type described by Beam. 0 The performance of a 
complete gun with object forming and imaging system can of course 
also be conveniently tested by this method. 

Experimental Results 

As a typical example, results obtained with a complete gun in a 
19-inch (screen diameter) kinescope are presented below. This gun 
consists of an object-forming system of the type shown in Figure 6, 
and of an imaging system of the type of Figure 8. The object consists 
of a rectangular aperture of 4 X 15 mils; the magnification is about 
two times. 

6 W. R. Beam, "A New Method for Magnifying Electron Beam Images," 
RCA Review, Vol. XVI, pp. 242-250, June, 1955. 
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Typical performance data of this gun: 
Screen voltage 
Object voltage 
Maximum screen current I s 
Cathode current density for I 8 = 1 ma 
Cathode current for I s ~l ma 
Spot size, approximately 
Object size 

Control grid voltage at I s — 1 ma 

Control grid voltage at cutoff 

Angle of beam spread at the object 
for L — 1 ma 



June 1956 



25 kv 

2 kv 

1 ma 
180 ma/cm- 

3.2 ma 
10 X 35 mils 
4x15 mils 
-40 volts 
-150 volts 
tan 0 a = 0.045 



.CONDUCTING GLASS WALLS 




CONDUCTING PHOSPHOR 
SCREEN 



ELECTRON BEAM 



OBJECT FORMING SYSTEM 
TO BE TESTED 



OBJECT DEFINING APERTURE 



Fig. 9 — Test of object-forming systems. Tan i 



:D/2L, l? = /.,r„ n //«.ih«.u.. 



[t was observed that for screen currents exceeding 0.5 milliampere, 
space-charge defocusing became apparent, and sharp focus required 
readjustment of the focusing voltage by 300 volts at 1 milliampere 
screen current. It should be pointed out that this performance was 
obtained with the imaging system of Figure 8, which had not been 
designed for maximum focusing sensitivity. 

Life of guns of this type was found to be short because of over- 
heating and out-gassing of the object aperture during operation. This 
was a consequence of the heavy electron bombardment to which it was 
subjected. Adequate processing and design should overcome this short- 
coming, as similar technological difficulties have been successfully 
solved in previous tubes with bombarded object aperture, as well as 
in power traveling-wave tubes. 

The performance of the gun described above can be compared with 
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the performance of conventional kinescope guns by denning a gun 
"quality factor," q: 

Q = [im«//thcor.] 1/2 

where ; max = maximum measured screen current density, 

itbeor. = maximum theoretically possible screen current density 
for the cathode current density at which j max is meas- 
ured.* 

The value of j ibvor can be expressed as a function of the screen voltage, 
V sr and of the angle of beam convergence, 0 se as follows, assuming 
thermal velocities to be the factor theoretically limiting /: 

; t hoor. icafh x ioy, c sin 2 e so 

for a cathode temperature of 1160°K. Hence 



' max 
X 



Zcath 3.2 \77J C sin 0 SC 

With the gun described here, a value of q — 0.5 has been obtained. 
(This is at least as good as with the best gun of conventional design 
available for test.) Further, up to 500 microamperes the spot size 
remained practically constant. 

Conclusions 

In this paper the development of guns operating on principles 
hitherto not fully explored have been described. Their performance 
has been found comparable with that of some of the best conventional 
guns except for life. The limitation on life is not inherent and should 
be straightforward to overcome. The additional advantages of the 
types of guns described here may bring them into their own in appli- 
cations where spot size and shape are of primary importance. 

Appendix I 

In this appendix, justification will be given for the paths taken in 
the design of a gun of the type described in the text. 

Basically, the procedure involves working with certain fundamental 
and limiting relationships. Within these limitations, it was desired to 



*q differs from v (defined in Appendix I) in being a factor for the 
entire gun, whereas v applies only to the object-forming system. 
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obtain the minimum possible spot-size for a given spot-current, or the 
maximum possible spot-current in a spot of given size. This objective, 
while definite enough, does not indicate, per se, the procedure for 
achieving it. Further, different objectives may also be conceived. 
Therefore, the general relations between the gun parameters will be 
established here. The specific applications of these relations to the 
purpose of minimizing the spot-size for given current is carried out 
as a particular example. 

The fundamental relations to be used are listed below: 
(a) Thermal velocities of the electrons impose the following limita- 
tion for the current density ; to a point in the beam at potential V 
where electrons from the cathode converge with half angle 9: 



where j c is the cathode current density, k Boltzmann's constant, and 
T the cathode temperature in °K. This expression was first derived 
by D. B. Langmuir. 7 In the usual case where eV/kT » 1, this reduces to 



(b) The spherical aberrations of an electron lens, which are the 
only ones of major importance in a well-constructed kinescope gun, 
result in every point of the object being reproduced as a circle at the 
image. The result is an increase in the size of the image. Expressing 
the increase in any dimension of the spot (due to spherical aberrations) 
as Ay s , and the lens aperture as d a , 



C is a constant depending on the lens type and other dimensions. 
Ramberg 8 has analyzed spherical aberrations in certain types of elec- 
tron lenses. In general, however, the value of A?/,, is best obtained 
experimentally. 

(c) The magnification, M, of an electron lens is defined by 



7 D. B. Langmuir, "Theoretical Limitations of Cathode-Ray Tubes," 
Proc. I.R.E., Vol. 25, p. 977, August, 1937. 

8 E. G. Ramberg, "Variation of Axial Aberrations of Electron Lenses 
with Lens Strength," Jour. Appl. Phys., Vol. 13, pp. 582-594, September, 
1942. 




eV 

j ^ sin 2 0 X j r . 

JcT 



(1) 



A2/„ = <7 X d fl * 



(2) 
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M = y//y Qt (3) 

where y/ and y 0 are equivalent dimensions of the spot and the object 
in the absence of aberrations. If y s is the actual spot dimension, one has 

y x = y s ' + Ay,. (4) 

The magnification in a distortionless imaging system can also be 
expressed by the relation 

V n sin2 0 o 

(5) 

V s sin 2 0 8 

where V 0 and V a are object and image (screen) voltages, respectively; 
e o and 0 S are the angles that a given ray (electron path) intersecting 
the axis at the object makes with the lens axis at the object and screen, 
respectively. When Equation (5) is used, the outermost ray contrib- 
uting to the formation of the spot will implicitly be considered. Thus 
0 o is equal to the angle of beam spread at the object when no current 
is intercepted on apertures in the imaging system, and 6 S is the angle 
of beam convergence at the screen. 

(d) Let L s be the distance from the second principal plane of the 
final lens to the screen. The lens aperture d a of Equation (2) is equal 
to the maximum beam diameter at that plane. Thus, the angle of beam 
convergence, 0 S , at the screen is given by 



tantf s = . (6) 



The interrelation of the principal parameters of the gun through 
Equations (1) to (6) and through the design of the object forming 
system are shown in Figure 10. 

On the left side of the figure are parameters of the imaging system, 
on the right, parameters of the object-forming system. The entire 
design of the object-forming system is considered in this figure as a 
single operator determining the ratio 

(V 0 sin2 0 o ) min 

v = (7) 

V 0 sin* 0 o 
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of the minimum theoretically possible value of V 0 sin 2 0 o (fixed from 
I 0 > Vo> Jc % Equation (1)) to the actual value of this product. 

When the design of the object-forming system has been chosen 
(v determined) and all of the parameters on the left side of Figure 10, 
except one, have been prescribed, this last parameter is determined 
through the relationship shown on Figure 10. It is seen that best gun 
performance is obtained quite generally when the object-forming 
system is designed to make v I (its theoretical maximum value). 

For example, when all parameters except the spot size y/ are 
prescribed, the minimum spot size is obtained when v — 1. This is 
shown as follows: 

The value of V n sin 2 0 n = (V 0 sin 2 0 o ) mXn /v is determined by the 
parameters on the right of Figure 10 and by the design of the object- 
forming system. The value of V 0 sin 2 OJM- is fixed (call it C) by the 
parameters on the left of Figure 8 (excluding y/). Thus, the mag- 
nification, M, is found to be 

(V 0 sin 2 B 0 ) 

ni in 

il/ 2 = — , 

Cv 

and y/ = M y 0 . The smallest value of y/ is obtained when M is mini- 
mized; this is clone by maximizing v (q.e.d). 

One may conclude that for best performance, an object-forming 
system has to be designed to make v -> 1. Once the principal param- 
eters /,„ /„. and j c (right of Figure 10) of the object-forming system 
have been selected, this amounts to minimizing the actual value of the 
product V 0 sin 2 0 o . 

Appendix II 

The electron trajectories in a converging or diverging beam can be 
computed, taking space charge into account, under the following as- 
sumptions : 

(1) Field-free region, 

(2) Paraxial rays (small angles between electron trajectories and 
axis of the beam), 

(3) Laminar flow (no crossing of electron paths), 
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(4) Round beam cross section, 

(5) No ion neutralization. 

With these assumptions, the equation of the beam envelope is found 
to be 0 

— -32.3 ■ / (8) 



V*'* r R dR 

J, \/Wr 



where r— beam radius at the abscissa z, 

r 0 = minimum beam radius occurring at the abscissa z = 0, 
r 

R= ±1, 
r 0 

I = beam current in milliamperes, 
V — beam voltage in kilovolts. 

Space-charge limitation may occur in either the object space or the 
image space. The object space is the part of the imaging system in 
which the object is located. Its potential is the object potential, V 0 . 
Let the average angle of beam divergence in the object space be 9 A . 
One defines similarly the image space with the image potential, V it 
and an average angle of beam convergence, 0 { . 

Further, let the imaging system be represented by an equivalent 
imaging system with a single thin lens, as shown on Figure 11. Let 
the sum L L + L 2 be equal to the actual distance L between object and 
image : 

L x + L 2 = L, 

The angles 0 o and B t being specified together with L, the maximum 
beam diameter d a in Figure 11 is also specified. 

Let d 0 = object diameter (assuming for convenience a round object) , 
d-i ~ image diameter. 

For d { « d a , the maximum possible current through the object space 
is obtained when the minimum beam cross section is approximately at 
the object. Thus, applying Equation (8) to the object space one obtains 



9 B. J. Thompson and L. B. Headrick, "Space Charge Limitations on 
the Focus of Electron Beams," Proc. I.R.E., Vol. 28, pp. 318-324, July, 1940. 
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Max current 

which can be (32.3) -re- 

passed through d a — I onuxx — 



2L l 



/ <>., dR 



Let us express l omax as a function of the image diameter; 

dr 



d n -. 



M' 1 



1 V 4 sin2^ y. (Ll )i 



M 2 V o sm 2 0 o V 0 (L.,)' 



(9) 



OBJECT 

I SPACE 




OBJECT 
PLANE 



A A= PRINCIPLE PLANE OF EQUIVALENT 
SINGLE THIN LENS. 

Fig. ii — Dimensions of equivalent imaging system. 



Introducing these relations into Equation (9) one obtains for, I< maxf 



2Lo 



*'„ dR 


VET 



R 



(10) 



In a kinescope, L L » is approximately the distance from the screen 
(image plane) to the final lens. Little freedom usually exists in the 
choice of this parameter; therefore, we may consider it as prescribed. 
The image diameter d t and the image voltage V t (same as screen 
voltage) also are prescribed. The maximum beam diameter at the lens, 
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d a , is determined by spherical aberrations, as shown in Appendix I. 
Once the magnification has been chosen, the integral in the bracket 
of Equation (10) is also determined. Thus, the only parameters left 
to choice are the object voltage, V 0 , and the object distance, L x , both 
being related by the condition 

V„ HP 

: -V, (11) 

From Equation (10) it appears that the maximum possible current 
in the object space increases with increasing object voltage: 

Therefore, in order to reduce space-charge effects in the object space, 
one has to increase the object voltage (q.e.d.). 

Computing the maximum possible current / illlnx , in the image space, 
one finds, in a similar fashion, 



Numerical evaluation of Equations (10) and (12) shows that for 
magnification of the order of 2 and VJV { < 1/2, I nmaK < I imiXX . Thus, 
under the usual conditions corresponding to those figures, space-charge 
effects are more important in the object space than in the image space 
(q.e.d.). 

In the case of object and image shapes other than a circle, the 
preceding derivations still hold approximately if equivalent object and 
image diameters are defined, such that the object and image areas of 
the equivalent round beam are the same ones as in the actual beam. 
This has been experimentally found to hold for rectangular objects 
and spots. 

In practice, the assumptions of laminar flow and absence of ions 
appear the least likely to be satisfied, while the other assumptions upon 
which this analysis relies are usually well satisfied. However, non- 
laminar flow and ion neutralization have opposite effects. This may 
explain why the relations indicated in this appendix have been fairly 
well confirmed by our measurements, at least qualitatively. 




www.americanradiohistorv.com 



T 



PEDESTAL PROCESSING AMPLIFIER FOR 
TELEVISION STUDIO OPERATION* 

By 

Ralph C. Kennedy 

National Broad rastinir Company. Iiu*., 
New York, N. Y. 

Summary — The pedestal processing amplifier is a device capable of 
removing the synchronizing pulses from either a color or monochrome 
television signal so as to permit simultaneous presentation of pictures from 
separate locations. It utilizes a vew type of sync separator which provides 
a sync signal having constant amplitude for input signal variations of 
±74 decibels. 

Introduction 

^HE producers of television shows have, quite logically, borrowed 
many camera techniques from the motion picture industry. A 
number of the special effects which are called for require the 
simultaneous presentation of pictures from different locations. These 
special effects are variously known as split screen, video inset, and 
lap dissolve, among others, 

"Genlocking" 

In order to achieve the special effects referred to above, it is 
necessary that the sync generators involved be locked together. This 
procedure is known as "genlocking." 

Genlock operation in monochrome television depended on the use 
of stabilizing amplifiers. These amplifiers separated the incoming 
composite signal into a sync signal and a simple video signal. The 
sync was used to lock the generators together and the video signal 
was introduced into the studio switching system in the same manner 
as a normal camera signal. 

Such stabilizing amplifiers, however, are not usable on a color 
signal. In the signal prescribed by the FCC, and considering the tip 
of sync to be negative, the blanking level is somewhat below the refer- 
ence black level. The blanking pulse, upon which the sync signal and 
the color burst are superimposed is commonly referred to as the 
pedestal. In recovering the sync signal with a stabilizing amplifier, 



* This material was presented at the 1956 National Convention of the 
Institute of Radio Engineers and will appear in the convention record. 
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burst and chroma components which are below the pedestal are in- 
cluded; further, the clipping of sync from the signal to produce a 
simple video waveform results in burst and many chroma components 
being clipped. 

Two-Line Genlock Operation 

To circumvent the lack of a suitable stabilizing amplifier, color 
genlocking has heretofore been accomplished by using two wide-band 
circuits. One has carried the sync and burst to lock the generators. 
The simple video signal, free of sync, to be introduced into the switch- 
ing system has been carried on the other circuit. Clamper amplifiers 
in the Telephone Company circuits, since they clamp on the tip of 
sync, have clamped on the blanking signal and operated satisfactorily. 
This mode of genlock operation has been satisfactory with film camera 
signals. Pedestal has been easily controlled and no chroma components 
nor burst have been allowed to extend far enough below blanking to 
cause confusion in the clamper amplifiers. When live pickups have 
been attempted, however, the pedestal has not been so easily con- 
trolled, and burst and chroma components have extended so far below 
the blanking level that the clampers have stopped functioning properly. 

The Pedestal Processing Amplifier 

The pedestal processing amplifier is a device which can separate 
the video and sync signals from a composite color signal in such a 
manner as to permit simple genlock operation without the need for 
an additional line. The saving in line costs is substantial. 

The operation of the unit may best be understood by referring to 
the block diagram, Figure 1. A composite monochrome or color signal 
is introduced at the input terminals where it branches in two paths. 
In one the sync is recovered by first amplifying the signal, trapping 
out the chroma and burst by means of a high Q tuned circuit, and then 
applying it to a gate tube which opens only during sync. This sync 
signal is shaped and further amplified to result in a stable sync output. 
In addition, there are provisions for further sync processing which 
includes means for manual adjustment of the sync width by changing 
the timing of the back edge of sync with reference to the leading edge 
and further clipping and shaping. This signal is used for three pur- 
poses. One feed is used to drive the clamp pulse circuits. The other 
two feeds will be described presently. 

The second composite video path is through a cathode follower 
which acts as a level-adjustment circuit. Following this is an amplifier 
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feeding an adjustable video delay line. The purpose of this line is to 
permit time coincidence between the leading edge of the sync in the 
composite signal and the processed sync mentioned above. This de- 
layed signal is fed to a clamped adder tube which is also fed the sync 
signal. The sync is added in the same polarity as that in the com- 
posite video. Enough is added to cause the sync in the resultant output 
to extend well below the negative peaks of burst. The sync is clipped 
so as to produce a clean tip but it is not clipped enough to distort the 
burst. This signal is fed to another clamped adder tube which is like- 
wise fed the sync signal. The polarity of the sync in the composite 
signal is opposite to that of the sync being added. This causes the 



COMP SYNC 




— "i C F l ~ H AMP I — "* 



DELAY — *■ 



Fig. 1 — Block diagram of pedestal processing amplifier for television 

studio operation. 

sync in the output signal to be reduced to zero, i.e., blanking level 
by proper adjustment of the amount of the sync introduced. 

The proper timing of the front edges of the sync in the composite 
signal and the added sync is realized by adjusting the video delay line. 
The timing of the back edges of the two syncs is adjusted with the 
pulse width control. 

Three outputs are available from the unit. One is processed sync 
whose output remains constant for input level variations of ± 14 deci- 
bels from a standard one volt peak-to-peak signal. A second output 
is a composite signal having processed sync. The third output is a 
simple video signal having a processed pedestal. No effort is made to 
maintain proper sync-to-video ratio in the composite output since 
it is intended only for use in a monitor. 
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Figures 2 through 9 inclusive show significant waveforms at vari- 
ous test points throughout the unit when it is properly adjusted. The 
input color-bar signal may be viewed at test point A and appears as 
shown in Figure 2. 

After the chroma in the signal has been removed, it appears at 
test point B as shown in Figure 3. 

The output sync may be viewed at test point C and is shown in 
Figure 4. 

Figure 5 shows the waveform appearing at test point D. This 
should be of the same form as Figure 2 except for the level. 

Test points E and F show the magnitude and waveforms of the 
addition and cancellation syncs. Figure 6 shows these waveforms but 
the two amplitudes manifestly are different. 

The clamp pulses are monitored at test point G and should appear 
as shown in Figure 7. 

After sync addition and clipping, the video waveform with proc- 
essed sync should appear as shown in Figure 8. This waveform appears 
at the output of the unit. As indicated earlier, the sync-to-video ratio 
is not standard in this signal. The magnitude of the sync is that which 
results in minimum transient in the pedestal upon addition of the 
cancellation sync. 

Figure 9 shows the video output when the equipment is properly 
adjusted. 

Test Results 

Three of these equipments have been built and used commercially. 
The first time this method of genlocking was attempted commercially 
was during the 1955 World's Series where in 6 days a total of 21 
hours time genlocking was maintained. The "Great Waltz" and "Pro- 
ducer's Showcase*' have also used this method of genlocking. In the 
latter case the New York facilities were locked to the Burbank, Cali- 
fornia studio. Split screen and numerous fast switches between the 
East and West Coast were made with no loss of genlock. 

Another test included genlocking a film studio whose output was 
a continuous loop of film leader which causes extreme signal variations. 
This signal was fed for half an hour with no interruptions in gen- 
locking. 
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